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ABSTRACT
Lesko, Cherish Christina Clark Ph.D., Engineering Ph.D. Program, Department of Mechanical
and Materials Engineering, Wright State University, 2021. Influence of Build Direction on
Interface Regions in Additive Manufacturing of Multi-Material Refractory Alloys.

In the pursuit of optimum performance, materials engineering seeks to design the
microstructure and thus the properties of a material through the control of the material composition
and processing. Functionally graded materials (FGM) are designed to incorporate location-specific
material properties through compositional changes within the part. Moving toward locationspecific design of material properties requires the ability to produce material gradients in three
dimensions which can be accomplished through the use of additive manufacturing (AM). This
research examines the composition-process-structure-property relationship of early iteration
titanium (Ti) and tantalum (Ta) graded alloys built in a novel laser powder bed fusion (LPBF)
process through the characterization of vertical and horizontal graded orientations. Ultimate tensile
strength, fractography, and Vicker’s microhardness (HV) are used to evaluate the mechanical
properties and materials characterization includes X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and electron backscatter
diffraction (EBSD). The binary Ti-Ta alloy system is of great interest to many fields of engineering
including biomedical and aerospace because of the unique thermal and mechanical properties it
possesses. This work discovered that the concentration of Ta required to promote full beta phase
stabilization in Ti is 25% greater than what has been previously reported when used in LPBF.
Understanding of AM processing effects includes influences from both the thermal behavior and
machine processing strategy which impacts composition location control and influences phase
evolution. Elemental segregation occurs due to incomplete mixing in the melt pool and remelting
iii

at the horizontal interfaces. It is also established that the interfaces are structurally sound, but phase
transformations and resulting microstructures differed between the vertically and horizontally
graded specimen from a combination of the residual stresses ensuing from the thermal effects and
machine variables in the LPBF process. The ability to grade material composition in multiple
directions in LPBF AM provides the capability to fabricate complex geometries with spatially
varying functional and structural properties tailored to the desired application; however, as the
results of this study demonstrate, the complexity of LPBF AM process results in compounded
spatial variations in the material structure and resulting properties.
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1. MATERIALS ENGINEERING AND THE PURSUIT OF OPTIMUM PERFORMANCE

The foundational principle in materials science is that the composition and processing of a
material impacts the structure and thus the properties and performance. This is never more obvious
than in additive manufacturing (AM) where the many processing and machine parameters during
the build and post-process heat treatments can create very complex structures and behaviors. The
process parameters in additive manufacturing not only impact microstructural features such as
phase development, grain size and texture, but also macrostructural features such as surface
roughness and porosity [1]. The goal for much of the research in AM currently, is to connect these
myriad of process variables with the resulting structure so that the properties and performance can
be reliably predicted.

Composition

Processing

Structure

Properties

Performance

Figure 1. Graphical representation of the materials engineering steps in the control of
performance

In this research specifically, changes in composition as a result of multi-material grading
in laser powder bed fusion (LPBF) AM are investigated. The effect of the LPBF processing on the
structure of the resulting build, specifically in the interface regions between the two compositions,
will be examined with respect to the LPBF primary processing parameters as well as the unique
processing steps involved in the prototype graded alloy process (GAP) machine technology.

1

Macrostructural effects of process parameters are evaluated with respect to porosity.
Microstructural evolution as a result of both rapid cooling and residual stress is assessed using
various microanalysis techniques. Both the macrostructure and the microstructure are discussed
in relation to measured mechanical properties of tensile strength and microhardness.

2

2. BACKGROUND AND LITERATURE REVIEW

2.1. Composition
Tantalum (Ta) is a refractory metal that
acts as a beta stabilizer in titanium (Ti) which
means that at sufficient weight percentages, the Ti
allotropic phase transition from the bcc β-Ti
phase to the hcp α-Ti phase is suppressed. At
lower Ta concentrations, the Ti α-β transition
finishes with martensitic α′or α″ phase or α + β
morphology depending on the cooling rate.
Increasing the at.% Ta in the alloy also creates

Figure 2. Changes in the lattice parameters
of α′ and α″ phases depending on Ta
concentration (adapted from Dobromoslav
et al. [2])

enlargement of the lattice parameters of the α′
metastable hcp structure until the α″orthorhombic
crystal structure becomes the energetically
preferred martensitic phase above approximately
10 at.% Ta as shown in Figure 2 [2].
In

addition

to

the

Ti

martensitic

transformations, other metastable phases are
possible in binary Ti alloys. The isomorphous
phase diagram for Ti with β-stabilizers, shown in

Figure 3. Pseudobinary Ti-beta
isomorphous phase diagram (from Cotton
et al. [3])

3

Figure 3, is calculated based of the idea of molybdenum equivalency (Mo-Eq) which quantifies the
ability of the different transition elements to lower the β-transus temperature (Equation 1) [3].

Equation 1: Molybdenum Equivalency
Mo-Eq = Mo + 0.67*V + 0.44*W + 0.28*Nb + 0.22*Ta + 2.9*Fe + 1.6*Cr − 1.0*Al (wt.%)
Therefore, based on Mo-Eq, the amount of Ta required to achieve a stable β phase in a
binary Ti-Ta alloy is over 100 wt. % which indicates that metastable β with β′, isothermal ω (ωiso)
and athermal ω (ωa) are the likely phases for binary Ti-Ta alloys with over approximately 35 wt. %
Ta content. Experimentally, however, Zhou et al. [4] determined a fully stable β phase was attained
at 80 wt.% Ta and Dobromyslov et al. [2] showed the development of metastable β phases starting
at 25 at. % Ta with the microstructure being mostly stabilized β by 30 at.% Ta. Basic crystal
structure information about the stable, metastable and martensitic phases for Ti-Ta binary alloys is
in included in Table 1. The Ti-Ta equilibrium phase diagram that is widely accepted shows that
the alloy forms a completely miscible solid solution over all compositions for a wide temperature
range. This is attributed to similar
crystal structures which, being bcc,
exhibit

elasticity

sufficient

Table 1: Crystal structure information for known phases
in binary Ti-Ta alloys

to

Phases

accommodate the atomic radius

α Ti

hcp (P63/mmc)

difference. There is, however, still

β Ti

bcc ( Im3̅m )

uncertainty

α Ta

bcc (Im3̅m)

β Ta

bct (I4/mmm)

α' Ti

hcp (P63/mmc)

concerning

the

immiscibility below approximately
900°C [5].

Basic free energy

computations indicate that there
exists a single bcc solid solution at

Crystal Structure

α" Ti

c-centered orthorhombic (CmCm)

ωath Ti

all compositions until the solvus
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trigonal (P3̅m1)

line where the alloy segregates into hcp and bcc phases. Brazilai et al., however, using density
functional theory (DFT) to model the atomic interactions demonstrated that multiple hcp and bcc
phases and solutions are more likely as shown in Figure 4 (b) [5]. The isomorphous and equilibrium
phase diagrams can serve only as a starting point for the understanding of the phases in the Ti-xTa
alloys formed using AM because the processing is far from equilibrium.

Figure 4. (a) Thermodynamically derived Ti-Ta phase diagram. (b) Changes in TiTa phase diagram
using DFT proposed by Brazalai et al. 2016 [5]

2.2. Processing
The processing control in the materials engineering connects the use of energy and work
to changes made in the microstructure and properties of the material. The two processes of concern
in this work are laser powder bed fusion (LPBF) and functional grading. LPBF has many
subprocesses that are critical to the overall process including how the powder is deposited and
spread, the scan strategy by which the energy input by the laser is applied to the powder layer, and
control of the parameters of laser power, speed, and hatch spacing. Each of these processing
methods will be further discussed in this section.
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2.2.1. Laser Powder Bed Fusion
LPBF is a type of directed energy additive manufacturing (AM) method and the most
common one used for metal alloys. The lower power and higher laser speeds create smaller melt
pools which enable LPBF to be able to build the more complex and intricate parts than other
directed energy methods such as DED. In Figure 5, some of the main process parameters in AM
are outlined as we can see how the main process variables combine to create that melt pool such as
laser power, layer thickness, hatch spacing, scanning speed and scan strategy. The combination of
these processing variables creates both the flexibility and complex nature of the microstructure and
properties in LPBF parts.

Figure 5. Graphical representation of the LPBF process and the “stripes” scan pattern (from Yap
et al. [6])
Research on the additive manufacturing of binary Ti-Ta alloys has focused mainly on the
field of biomedical applications because of the high biocompatibility of both Ti and Ta and the
minima in the elastic modulus at approximately 8- 10 at. % Ta and the design flexibility that AM
provides for customized implants and devices. Very few researchers have investigated AM Ti-xTa
alloys with high Ta content that is similar to the current work.
The most similar research comes from Sing, Wiria, and Yeong in which the Ti-20.9 at. %
Ta was characterized. The researchers built specimens using SLM with a laser power of 400 W
and an island scan strategy in which each build layer is divided into squares then melted in a random
order. Tension test specimens were cut to ASTM E8 specifications using EDM and XRD, EBSD,
6

and SEM fractography was used to explore the microstructure and mechanical properties [6].
Further AM process parameter studies by Sing, Wiria, and Yeong determined that the laser speed
and power had a significant impact on the production of a part with maximum density, but the first
and second order interactions of the process parameters caused the use of energy density
calculations to be misleading [7].
Huber [8] focused on the characterization of structure and properties of Ti-Ta alloys for
biomedical application, but he included analysis of compositions up to 44 at. % Ta. The additively
manufactured material was formed using a LENS process and ranged from 0-9 at. % Ta.
Characterization of the alloys between 4.4-44 at. % Ta was completed on cast samples. Huber
observed that increases in hardness between the two minima is usually attributed to the presence of
an ω phase even through no well-formed phase boundaries were observed. He observed as a result
of EDS and XRD analysis that the changes in the elastic modulus were more likely due to
precipitation of a martensitic phase or the enrichment of β as a result of rejection of the solute
during such precipitation. This is contradictory to the assertion of Zhao et al. that Ti-Ta alloys form
homogenous mixtures in the melt pool [9]. Huang et al. [10] used LPBF to build Ti-Ta alloys with
0, 2.9, 10.2, and 20.9 at. % Ta. They describe how the large differences in the melting temperatures
between Ti and Ta lead to inhomogeneity in the formation of the alloy. Interestingly, even with
the discussion in the large differences in melting temperature, all of the samples were built using
the same process parameters leading to discussion on changes in porosity and the percent of
unmelted Ta particles. The researchers noted that Ti can have long, prior β columnar grains where
the (001) plane is aligned with the build direction. Unmelted Ta particles, then, served to disrupt
the epitaxial growth by acting as nucleation sites which block continued columnar growth. They
concluded that more Ta content decreased the overall columnar morphology. However, this effect
was attributed to the unmelted Ta acting as a heat sink in the builds with process parameters that
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were not adjusted for increasing Ta content and the columnar growth morphology disruption that
Huang et al. noted is unlikely in builds adjusting parameters to achieve complete melting.

Figure 6. SEM BSE images of prior β nucleated from unmelted Ta (from Huang et al. [10])
While these three examples have the closest similarity to the current work due to the
characterization of high weight percent Ta binary Ti-xTa alloys built with LPBF, research on
materials with lower concentrations of Ta or built with other AM processes contribute to the general
understanding of the phase transformations, mechanical properties, and failure mechanisms in
binary AM Ti-Ta. The inclusion of β-stabilizers has been shown to enable grain structure control
in Ti-6Al-4V using WAAM which supports the idea of unmelted Ta acting as nucleation sites [11].
Additionally, Vrancken et al. described the impact of the β-stabilizing element molybdenum (Mo)
in TI-6Al-4V on the solidification behavior and resultant morphology such that a banded structure
developed with Mo-rich and Mo-poor regions which were ascribed to incomplete mixing in the
melt pool [12]. Sridharan et al. used Kikuchi diffraction and atom probe microscopy to show that
AM results in the partitioning of vanadium, aluminum, and oxygen in Ti-6Al-4V which they
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surmised was an effect of thermal cycling with each subsequent reheating cycle experiencing a
progressively slower cooling rate [13]. They also concluded that lower energy density processes
resulted in significantly lower partitioning ratios and that the partitioning ratios also vary with
distance from the build plate. Research by Brodie et al. additionally analyzed the banded structures
with the conclusion that Ti-Ta alloys over 10 at. % Ta have decreased fatigue life due to remelting
of previous layers accelerates Ta diffusion leading to increased formation of α″ and ω phases [14].

Mo poor

Mo rich

Figure 7. BSE image showing banded regions of Mo-rich and Mo-poor regions due to rapid
solidification (adapted from Vrancken et al.)

As pertains to mechanical properties, multiple comparisons of AM processes indicate that
CP-Ti and Ti alloys built in LPBF achieve the highest tensile strength and lowest ductility [15][18].

The elastic modulus (E) varies with Ta content because of the lattice distortion due to the

differences in the atomic size, though small, in each of the observed phases and phase changes
where Eω > Eα″ > Eβ [19]. The yield strength and the ultimate tensile strength, however, are related
to the microstructure. As seen in Figure 8, LPBF enables the highest strength which is attributed
to the smaller lath size in the α′ phase attributed to both a smaller melt pool and a faster cooling
9

rate [15], [20]. Adding the β-stabilizer Ta causes changes in the morphology of the alloy which
also affects mechanical properties since the bcc β crystal structure has more slip planes than the
hcp α and α′ [14]. Measurement of HV in Ti-Ta LPBF alloys has variability due to both porosity
and the partitioning [19], [24]. Thermal stresses resulting from the rapid cooling rates lead to
twinning in α, α′, and α″ phases [14], [21].
The failure mechanisms in LPBF Ti-Ta alloys can be either brittle or ductile depending on
the phases present, morphology, and amount of unmelted Ta powder particles.

When the

martensitic phase around an unmelted Ta particle is the hexagonal α′ phase, the large lattice
mismatch causes interface rupture leaving evidence of the pull out of the particle [10]. In
comparison to other AM methods, the fracture surface features in LPBF are smaller with α phase
Ti exhibiting very fine dimples [22]. Remelting of layers in LPBF also has the effect of increasing
the likelihood of brittle failure which was explained by Brodie et al. as a result of increased α lath
orientation randomization leading to dislocation pile-up [14].

Figure 8. Comparison of tensile behavior of Ti-6Al-4V produced by different processes (from
Dutta et al.)
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Table 2. Summary of applicable published research for Ti-Ta in LPBF
Author

Date

Synopsis

Attar et al. [22]

2019

Mechanical properties and grain structure study on CP-Ti to
compare SLM, LENS, and WAAM processes.

Bermingham et al.
[11]

2019

Investigated the use of Ti-6Al-4V grain refiners (Mo, Zr) in
WAAM process for grain structure control through alloying
and characterization of metastable β.

Brodie et al.[14]

2020

Demonstrated the effect of layer remelt on phases, grain
structure and fatigue performance in Ti-25 wt.% Ta in LPBF.

Dutta et al. [15]

2017

General review of AM tech for Ti alloys which states that
multi-material build in LPBF is not possible.

Fuerst et al. [23]

2015

XRD of Ti-Ta for phase identification in laser powder
deposition process

Huang et al. [10]

2020

Evaluation of Ti-x%Ta, up to 50 wt. % Ta, phases by XRD
and BSE as well as mechanical properties and fractography
in LPBF. The PPP were unchanged with changes in Ta
content.

Huber [8]

2016

Identification of Ti-Ta crystal structure/phases by XRD in
samples made by LENS up to 28 wt. % Ta and vacuum arc
melting for 15-75 wt. % Ta.

Keist & Palmer [16]

2017

Compares HV and tension tests DED and LPBF, Ti-6Al-4V,
not “as-built”, but after stress relief and HIP.

Mahamood &
Akinlabi [18]

2016

Microstructure and HV of Ti-6Al-4V from LMD

Sing, Yeong, Wiria [6]

2016

Mechanical properties characterization of bulk, single
composition Ti-50 wt.% Ta by tensile test, XRD, and
fractography.

Sing, Wiria, Yeong [7]

2018

Microstructure characterization of bulk, single composition
Ti-50 wt.% Ta by EDS, XRD, and HV.

Sridharan et al. [13]

2020

Identification of Ti alloy phase transformations and
elemental segregation/ partition behavior in Ti-6Al-4V in
comparing EBM and DED.

Vrancken et al. [12]

2014

Description of solidification mechanisms and mechanical
tension testing of Ti-6Al-4V with β-stabilizer (Ti-6Al-4V+
10 wt. % Mo)

Zhao et al. [17]

2019

Analysis of 0-25 wt. % Ta with no microcracking observed
around unmelted Ta using XRD, HV, and EDS. Claims
homogenous element distribution.
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2.2.2.Functional Grading
Because the process in which LPBF lays down each layer of powder, there is significant
research in what happens if the composition of the powder is changed between subsequent layers.
This leads to functional grading in which the properties of the build object can be different in
different locations due to the use of a different material[24] . Because of the standard operation of
the LPBF machines, nearly all functional grading in done in the vertical direction because that is
the easiest way to change the powders
[25], [26]. Because it is a vastly nonequilibrium

process,

much

of

the

preceding research has examined how to
handle the lattice mismatches and
thermal stresses that result in rapid
colling of dissimilar metals [27]-[29].

Figure 9. Graphical representation of vertical
grading strategies (from Tammas-Williams et al.
2017 [24])

Interest in FGM in AM crosses application boundaries, but the use of LPBF to make FGM
still faces many challenges. Several review articles indicated that the challenges to using AM FGM
include the formation of brittle intermetallic compounds in the interfaces, elemental segregation,
narrow range of available materials, recycling of the used powder mixture, lack of mature design
tools, guidelines, and simulations [30]-[34]. Current work on the development of the needed
mathematical models and simulations focuses on adapting known solutions to anisotropic material
properties that arise in FGM. A considerable amount of work is being done on the adaptation of
thermal models [35]-[41] although models are being developed for stress analysis [42], [43],
microstructure prediction [44], and crack initiation and propagation in FGM [45].
Experimental research in FGM in AM has been published primarily for WAAM [46]-[48]
and DED processes [49]-[51] and for common AM materials like Ti-6Al-4V, stainless and low
carbon steels, and nickel superalloys 625 and 718. Geng et al. [52] and Xiong et al. [53], working
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with Ti-6Al-4V, modified process parameters to create functional gradients of microstructure and
porosity, respectively. One prominent method for research on the joining of dissimilar metals in
additive processes is the use of an intermediate layer [54]-[57]. A summary of recent research on
FGM in LPBF is included in Table 3.
Table 3. Summary of applicable and recent published research for FGM in LPBF
Author
Date
Synopsis
Andreiev et al. [58]

2021

LPBF FGM designed with soft magnetic and strong
mechanical materials for rotors in electric motors. Selected
alloys with very similar processing parameters (vertical
grading only)

Bobbio et al. [59]

2021

Analyzed LPBF FGM of steel and nickel alloys using
tensile testing, hardness, and computer thermal simulations
(vertical grading only)

Duval-Chaneac et al.
[60]

2021

Examined fatigue crack inhibition by layering in LPBF
FGM of steel and nickel alloys (vertical grading only)

Luo et al. [61]

2021

Studied the effect of heat treatment on FGM microstructure
and creep properties (vertical grading only)

Nadimpalli et al. [62]

2021

Compared discrete and continuous grading schema in FGM
of martensitic and austenitic steels using LPBF (vertical
grading only)

Wang, D. et al. [63]

2021

Used multiple hopper design of LPBF machine for FGM
with four materials - CoCr, CuSN10, 316L, 18Ni300
(vertical grading only)

Wang, Q. et al. [64]

2021

Investigated in-situ alloying with Ti and Cu of different
compositions (no grading)

Wei et al. [65]

2021

Step-wise compositional gradients of Fe and Al alloys using
LPBF (vertical grading only)

2.2.3.Grading in refractory material systems
Published research on functional grading in Ti-Ta material systems was not found;
therefore, information must be gleaned from similar efforts in surface and coating research and in
other material systems. The use of Ta as a surface coating on Ti through a cladding process has
significant interest in biomedical engineering. Golkovski et al. [66] investigated the use of E-beam
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cladding of Ti-Ta onto CP-Ti in atmosphere for approximate 4 to 22 wt.% Ta. They noted that the
remelting of previous layers during cladding led to inhomogeneous local chemistry due to dendritic
solidification and microsegregation.

Additionally, Golkovski et al. demonstrated that UTS

increased with increased %Ta and that the grains in the Ta coating reflected the morphology of the
Ti prior-β grains while strong texture relationships were indicated by the absence of expected β
peaks in XRD. Mechanical testing showed that the interface failed at the tensile strength of CP-Ti.
Likewise, Obradović et al. [67] posited that Ti and Ta multi-layered thin films as a potential
cladding structure due to the chemical driving forces leading to immiscibility at the interface,
contrary to the solid solution assumption of the equilibrium phase diagram. Application of pulsed
laser radiation on sputtered thin films indicated both ablation and significate mixing of the 18 nm
layers. This laser induced mixing was also observed by Balla et al. [68] who used a LENS process
to evaluate Ta coatings on Ti with a focus of the higher surface energy of Ta. They also measured
the HV of the interface to be higher than Ti but less than Ta indicating a diffuse boundary layer.
In addition to the research on cladding processes, graded properties in similar material
systems can inform the graded Ti-Ta material system. With CP-Ti, functional grading was induced
by grain refinement from compressive strain without dimensional change by Attarilar et al. [69].
These researchers showed that layers consisting of different grain sizes could be formed as well as
the formation of shear twins. Kang et al. [29] investigated the microstructural gradients formed by
the inherent thermal cycling in LENS in a Ti-Mo alloy.

They determined that there was

significantly more β phase in near the bottom of the build than near the top and attributed this
phenomenon to the heat accumulation and reheating of the thermal cycling acting as in situ heat
treatment that allowed further melting and diffusion of the Mo into the Ti. Schneider-Maunoury et
al. [70] also used Mo in the creation of a compositionally graded alloy with Ti-6Al-4V with the
results that the β phase was stabilized at approximately 25 wt. % Mo and that dendritic solidification
appears after approximately 50 wt. % Mo. In a further study, Schneider-Maunouri et al. [71] used
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another refractory element (Nb) as test samples to validate an experimental methodology and
simulation of indentation testing for predicting tensile properties and determined that the difference
in the indentation results and the tension test results were a consequence of both texture and the
difference in the volume of the material that was tested.
Much of the research on Ti alloys has been accomplished on Ti-6Al-4V as an alloy of
commercial interest, and the same is true of the research on grading in Ti alloys. Hernández-Nava
et al. [72] used Ti-6Al-4V to compare the microstructure, tensile strength, and hardness created by
EBM and EBS where the graded feature was keyhole porosity. They also noted that the use of
recycled powder in this process acted to spherodize the α phase morphology. Grevey et al. [73]
examined the behavior of the melt pool in the laser welding of Ti-6Al-4V and Ta and determined
that the axis of symmetry of the melt pool was shifted away from the center line to the side of the
Ti-6Al-4V. They also remarked that convection, viscosity, and interfacial tension governed the
distribution of the elements in the melt pool and that planar solidification was visible in the region
of unmelted Ta particles while solidification was dendritic elsewhere. Wang et al. [74] built graded
Ti-6Al-4V using 0-40 wt. % graphite-coated Ni using a LENS process. The Ti-C-Ni system has
three intermetallic compounds with the Ti2Ni forming a deep eutectic point. Their characterization
of the system showed that the phases and microstructure varied with the wt.% Ni where the NiCx
compounds formed ceramic dendrites. Mahamood and Akinlabi [75] compared the use of variable
process parameters against fixed LMD process parameters in graded Ti-6Al-4V-TiC for the
purpose of determining how to increase wear resistance. Zhao et al.[76] also investigated the use
of a ceramic material (ZrO2) in a compositional gradient in Ti-6Al-4V. They determined that as
the wt. % of ZrO2 increased, the lath size in the Ti-6Al-4V decreased and that the morphology of
the ZrO2 shifts from granular to dendritic.
Research on a few other material systems can provide additional information for the
understanding of the behavior of the graded Ti-Ta system. Cao et al. [77] completed a theoretical
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numerical method study on the effect of the compositional gradient of two Ti alloys on crack
propagation. A key takeaway from their work is that the ASTM standard tests, which are designed
for homogenous material, does apply due the change in the properties within the material. Yan et
al. [78] characterized the Ti-48Al-2Cr-2Nb and CP-Ti formed in a LMD process and were able to
distinguish a specific diffusion zone in the thin wall build. The maximum hardness that they
recorded was in the interface with the highest wt.% of the alloy. Qian et al. [79] also used a
complex, near α Ti alloy (Ti-6.5Al-2Zr-1Mo-1V) with CP-Ti in a LENS process to study the
microstructure and HV and showed that an interlayer HAZ on the alloy side of the gradient had
very fine Widmanstatten morphology while the CP-Ti side no HAZ developed leaving α lath
colonies grown from the grain boundaries of the prior β grains. Fox, Pogson, Sutcliffe, and Jones
[80] compared the use of Ti versus Ta as a SLM cladding on CoCr showing that both had higher
HV at the interface than at the surface of the coating and that while Ti wetted the surface better
than Ta, it also cracked more consistently. These researchers were careful to point out that when
the alloying of elemental powders is occurring in the melt pool, there could be local variations in
the melting temperature which will, in turn, affect the morphology and mechanical behavior.
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Table 4: Summary of applicable published research for graded Ti-Ta material systems
Author

Date

Key Takeaways

Attarilar et al. [69]

2019

Balla et al. [68]

2010

Cao et al. [77]

2021

Fox et al. [80]

2008

Golkovski et al. [66]

2013

Grevey et al. [73]

2015

Hernández-Nava et al.
[72]

2019

Kang et al. [29]

2020

Mahamood &
Akinlabi [75]

2015

Obradović et al. [67]

2018

Qian et al. [79]

2014

Schneider-Maunoury
et al. [70]

2017

Schneider-Maunoury
et al. [81]
Wang et al. [82]

2018

Yan et al. [78]

2017

Zhao et al. [76]

2020

Functional grading accomplished by severe plastic
deformation for grain refinement based on Hall-Petch in cast
CP-Ti.
LENS process Ta coating on Ti showed diffusion at interface
though HV testing.
Computational treatment of the theoretical effect of
compositional gradient on crack propagation compared to
experimental data from published research
SLM process to compare Ti or Ta coatings on CoCr where
Ti-Co have eutectic reaction which suppresses Tm in the melt
pool and changes morphology & mechanical behavior.
E-beam Ti-Ta cladding on CP-Ti showed lamellar colonies
of α′ and β phases in TEM. Interface failed at fracture
strength of Ti.
Analysis of microstructure in keyhole laser welding of solid
Ti-6Al-4V and Ta showed importance of convection in melt
pool, interfacial tension, viscosity and density to distribution
of elements.
Design of FGM by selecting regions to melt versus sinter
based on analysis of microstructure and mechanical
properties using EBM, EBS, and SLM for Ti-6Al-4V.
Used the inherent thermal history to create FGM based on
compositional gradients by diffusion in Ti-Mo in DED.
Improved hardness and wear resistance by optimizing
process parameters for each composition in graded Ti-6Al4V-TiC alloy with varying TiC content.
Laser influence in atomic mixing observed in sputtered,
layered Ti-Ta thin films.
LENS graded samples of CP-Ti and Ti alloy 15 (Al-Mo-ZrV) evaluated for microstructure and HV.
DED single track samples with gradient steps of 25%Mo in
Ti-6Al-4V with process parameters adjusted for composition
displayed microstructure evolution from coarse columnar to
equiaxed as the range of grain size decreased as %Mo
increased.
Validation of new experimental methodology to simulate
hardness testing in Ti-xNb built by DED.
Microstructure analysis of LENS graded samples of Ti-6Al4V and Ni-coated graphite showing that morphology
changes with increased Ni/C
Measurement on tensile strength, HV and CTE of LMD
graded titanium aluminide and CP-Ti showing maximum
hardness in highest wt. % Al interface.
Comparison of HV and microstructure in samples with and
without compositional gradients of ZrO2 in Ti-6Al-4V built
via LENS.

2018
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2.2.4.Multidirectional grading in LPBF
Spatially transitioning from one material composition to another allows for the tailoring of
material properties based on functional requirements. Prior additive manufacturing (AM) research
on multi-material metallic systems has mostly been conducted using directed energy deposition
(DED) techniques because the direct feeding of raw material makes it easier to control point-topoint compositional differences [83]. However, through the development of multi-material
deposition systems using laser powder bed fusion (LPBF) AM, there is the potential for fabrication
of more complex geometries with fine feature sizes [84].
In an overview of the capabilities and challenges in creating multidirectional gradients in
LPFB, Tammas-Williams and Todd [24] describe the ability to form multi-material functionally
graded materials as “the pinnacle of modern material hierarchy.” However, they point out that
LPBF is limited to either single component gradients created by changes in process parameters or
vertical gradients since commercial systems are designed with a single powder distribution system.
Dutta et al. [15] also expressed that horizontal and fully 3D gradients were not possible in LPBF.
The difficulty lies in the mechanism of powder distribution and removal which a few researchers
have successfully managed. Wen et al. [85] devised a way to divide the powder hopper (Figure
10) that controlled the amount of each component being fed spatially into the mixer allowing each

Figure 10. Wen et al. [85] solution to producing horizontal compositional gradients in LPBF [85]
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spread of the recoater to lay down a continuously graded powder mix. This methodology was
successful in producing a continuous gradient, but it does not enable 3D resolution and control.
Anstaett et al. [86] used the approach of dual powder hoppers with suction removal of unwanted
powder (Figure 11). In the characterization of two build orders, they noted that whichever material
was spread second had wide elemental
dispersion across the whole part which
attributed to either the first material build
had surface roughness that trapped the
particles from the second spreading or
shrinkage during cooling making the true
layer high less than that of the expected
layer height.

Importantly, their method

showed that the contamination increased as

Figure 11. Anstaett et al.’s solution to powder
delivery and removal for multidirectional
grading [86]

the height of the build increased.
Wei et al. [87]-[89] also developed a multiple hopper powder delivery system with a
microvacuum for selective material removal. This original concept evolved into a six-channel
ultrasonic powder delivery system (Figure 12). In order for this process to be successful, the
researchers had to develop new methodology for
creating assemblies for slicing and hatching
strategies from parts comprising the individual
compositions as well as proprietary tool path
software

for

the

powder

removal.

Characterization performed on the specimens
built with this process show elemental exchange
in the gradients and higher HV than achieved

Figure 12. Wei et al.’s solution to
multidirectional grading in LPBF [87].
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from conventional forming processes when the process parameters were determined by systematics
experimentation to achieve fully dense specimens. The researchers also completed numerical
modeling of complex heat and mass flow and determined that unmelted powder might be retained
when a low melting temperature material with low laser absorptance forms an insulative film
around the particles that reflects the laser energy.
Table 5: Summary of applicable published research for multidimensional grading
Author

Date

Key takeaways

Anstaett et al. [86]

2017

3D gradients of tool steel and copper alloy require
overlap melting in LPBF and cross contamination
increases as the height of the part increases.

Tammas-Williams &
Todd [24]

2017

Overview of current capabilities and challenges
involved in designing and building dimensional
grading

Wei et al. [87]

2018

Introduction and process demonstration for U.
Manchester 3D gradient capability.

Wei et al. [89]

2019

Six channel ultrasonic powder delivery system for
LPBF demonstrated with 316L/Cu10Sn using variable
process parameters for each composition.

Wei et al. [88]

2021

Numerical modeling of heat and mass flow for
modeling of FGM in 3D based on U. Manchester
system.

Wen et al. [85]

2021

Present unique modification to commercial system to
produce horizontal gradients with two compositions.

2.2.5.

Graded Alloy Process (GAP)

LPBF of multiple materials has been demonstrated with grading material composition in
both the vertical direction [90]-[93] and horizontal direction [85], [86], [89]. Most multi-material
LPBF systems utilize some combination of multiple powder feed locations, such as hoppers, and
traditional powder spreading. Custom, open-control, processing systems are required to be able to
change the processing parameters along with the material composition with novel delivery systems
for point-by-point deposition [87]. Additionally, avoiding contamination of successive layers
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requires clearing of unwanted powder compositions from the previous layer [86]. An AM machine
combining all of these capabilities is required for the fabrication of complex structures with graded
material composition in 3-dimensions.
Novel powder placement and removal technology
developed by UTC (now Open Additive LLC) allows the
construction of compositional interfaces in all directions.
Figure 13 shows the non-proprietary portion of the first
prototype GAP machine with hoppers for up to six
different elemental or alloy powders. The novel process
involved the spatially specific placement of the powders
and sequential melting in a multi-step process enabling
the use of different process parameters for each material
composition. The powders were mechanically premixed.
For the initial prototype, a micromachining pulsed laser

Figure 13. GAP LPBF machine
hopper (a) top and (b) isometric
views that are used to deposit
multiple materials onto the powder
bed system

was used for excess powder removal between application
of different alloy powders.
The second iteration of OpenAdditive’s novel LPBF machine technology (Figure 14)
addressed a combination of the significant challenges identified for multiple material fabrication
including grading in both the vertical and horizontal directions, clearing of unwanted powder
compositions from previous layers, local processing parameter changes, grading of materials with
disparate melting temperature and demonstration of complex geometries with graded composition
in 3-dimensions. The GAP procedure is a multi-step process where each material is deposited and
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melted sequentially. Once the first material is solidified, the surrounding power is cleared away
and additional material is deposited, melted and solidified to create the multi-material structure.

Figure 14. GAP LPBF machine showing the a) side view, b) powder hopper located on cross
member, and c) powder hopper and build platform
All of the material composition mixtures are created prior to processing; then the material
is separated into individual hoppers and the standard LPBF machine supply. The cross member
consisting of a 12 in x 6 in optical breadboard spans the distance of the GAP machine across the
build and supply chamber. Attached to the cross member is the recoater that spreads the powder
from the powder supply and the two hoppers. The powder composition in the powder supply is
spread using the traditional method of a recoater. Depositing the powder compositions from the
hopper also utilizes the recoater. When the material in the hopper is needed, it is released from the
hopper using a pin sequence that opens the orifice and allows powder to escape the hopper while a
secondary motor moves the hopper and deposits the powder in a line. The recoater moves across to
spread the layer. Once the required powder is deposited, it is melted with the laser. Different
processing parameters and scanning strategies are utilized for each of the different material
compositions to account for different melting characteristics.
The final stage occurs when unwanted powder from the previous layer needs to be
removed. Once the powder has been deposited and melted the excess powder needs to be removed
to avoid contamination. Two different methods of powder removal were explored, using a vacuum
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pump and a micro machining (MM) pulsed laser. The MM pulsed laser is a nano-second laser that
creates a wave of plasma that appears just above the surface. With the correct amount of plasma,
the MM laser can effectively move or “brush” all of the powder off of the part. The powder the
MM laser moves off the part is redistributed to the side of the part which creates a small mound of
powder. However, in this method, not all of the powder was removed and contamination was
present. The contamination was reduced using a vacuum pump to control material evacuation. The
vacuum nozzle, which is attached to the cross member, can move in plane to reach any location
within the build chamber. When a part is covered with unwanted powder, the vacuum nozzle moves
to the selected locations and selectively removes the prior powder composition. This vacuum
method creates a much cleaner surface and reduces the possibility of powder contamination.

2.3. Structure
The characterization of interfaces between dissimilar materials in recent research shows
the general expectation of which experimental methods should be used.

Microstructure

characterization was completed using SEM in both SE and BSE modes in nearly all articles
surveyed. SEM imaging was used primarily for the determination of grain structure [94], powder
characterization [90], and fractography [28], [95], [96]. When optical microscopy was used, it was
primarily to evaluate differences in porosity between the interface zone and the bulk materials [91],
[97]. Two researchers, Liu et al. [90] and Sing et al. [98], reported the use of focused ion beam
(FIB) imaging for the benefit of higher grain contrast. Visualization and quantification of elemental
distribution was predominately accomplished using EDS line scans and mapping. Zuback, Palmer,
and DebRoy [99] used an alternative method, electron probe microanalysis (EPMA), to quantify
the alloy compositions. The principle use of elemental distributions in the surveyed research was
for the measurement of the mixing zone. In powder bed methods where vertical interfaces where
introduced by powder change, the mixing zone was larger than multiple layer thicknesses as a result
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of remelting and melt pool flow [90], [91], [94]. XRD results were also included in many of the
surveyed articles for the purpose of identifying the phases present [95], [97], [100]. EBSD analysis
was used to determine grain size and orientation [28], [90], [98], [101]. Ghoncheh et al.[28] and
Lan et al. [102] reported the use of TEM to observe dislocation entanglement and crystal structure
in the reaction layer.
Mechanical property characterization universally included hardness testing. Vicker’s
microhardness (HV) was the most common method; however, Ghoncheh et al. [28] employed
nanoindentation for higher resolution hardness measurement in the interface zone. Tensile testing
was also widely used, although very few researchers included either ASTM test numbers or strain
rate/crosshead speed information. When tensile testing was reported, comparisons between samples
with interfaces and bulk material samples were the norm. Tension tests with the tensile axis both
perpendicular and parallel to the build direction were reported, but in every case, the interface was
created using vertical grading. Flexure testing was used by Sing et al. [98] and Lan et al.[102] to
investigate bond strength of the interface. Huang et al. [103] was the only researcher to include
impact testing in the characterization of an interface of dissimilar materials.
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Table 6: Summary of applicable published research on interface characterization in AM
Author

Date

Key takeaways

Ghoncheh et al. [28]

2020

Discusses how planar growth can be achieved
through solute trapping in ultra-fast solidification.
Reduction of effective gauge length occurs once
yielding starts

Hauser et al. [94]

2020

Concludes mixing effects are mainly result of
melt flow. Solid state diffusion has little effect

Huang et al. [103]

2016

Includes impact testing of interface and effect of
HAZ on HV in multi-pass arc welding

Khodabakhshi et al.
[97]

2019

States that the main challenge in engineering of
FGM is the formation of brittle IMCs in the
interface which lead to cracking

Lan et al. [102]

2016

Interface analysis on joints obtained by partial
transient liquid phase bonding

Liu et al. [90]

2014

FIB imaging chosen for very high grain contrast

Onuike &
Bandyopadhyay [100]

2018

Creation of a composition bond layer that easily
forms solid solution with two metals being joined

Sing et al. [98]

2015

States that differences in the CTE cause uneven
expansion and contraction during rapid
solidification leading to morphology differences

Sridharan et al. [101]

2016

Interface created using plastic deformation in
ultrasonic AM of thin metal sheets, found that
presence of low angle grain boundaries inhibited
dynamic recrystallization

Su et al. [95]

2020

PDAS increased when the composition gradient
decreased in LMD. Equiaxed grains found in
areas of disorder heat flow

Yusuf et al. [91]

2021

Associates finer columnar grains with lower CTE
and increases in HV with increases in low angle
grain boundaries

Zhou et al. [96]

2020

States that composition in the melt should be
uniform, thus gradients are a result of diffusion
after solidification

Zuback, Palmer &
DebRoy [99]

2019

Demonstrated that the chemical potential for
diffusion in a dissimilar metal joint is reduced
when gradient composition is incorporated instead
of a discrete boundary
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2.4. Properties
The presence of different phases affects
the material and mechanical properties as seen in
the HV measurements [2] and elastic modulus [19]
with respect to Ta content. These changes in
mechanical and material properties make Ti-Ta
alloys of interest in biomedical, aerospace, and

Figure 16: Changes in HV of quenched
Ti-Ta alloy with respect to at. % Ta
(from Dobromyslov [2]).

high temperature applications. Measurement of
the mechanical properties in these research studies
was completed on bulk compositions and does not
reflect the continuum of changing compositions in
graded alloys. The minima in the elastic modulus
at about 30 wt. % Ta, along with increased
adhesion and biocompatibility, are the reasons
that the Ti-Ta alloy is of interest in biomedical
applications. The low elastic modulus is

Figure 15: Elastic modulus of pure Ti and
Ti-Ta alloys with respect to wt. % Ta (from
Zhuo et al. [19])

important for the reduction of stress shielding in
which the load bearing medical implant is stiffer
than the bone eventually leading to bone mass
loss.

In addition to mechanical properties, the thermal and physical properties of Ti and Ta are
of interest. The melting temperature and thermal conductivity of the two elements are very
different. The large difference in melting temperature is the main reason for investigation of this
material system for high temperature applications but is also the cause for difficulty in developing
adequate AM process parameters that achieve full melting without keyholing [6]. Additionally,
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large differences in the mass and density could lead to benefit in using graded systems to reduce
part weight but also could lead to elemental segregation in the mixed powder or in the melt pool
[8].

Table 7: Physical and Thermal Properties of Ti and Ta

Ti

Ta

Atomic Radius

1.47 Å

2.20 Å

bcc lattice constant

3.19 Å

3.31 Å

Mass

47.867 u

180.948 u

Density

4.506 g/cm3

16.65 g/cm3

Melt Temperature [104]

1941 K

3290 K

Coef. Thermal Expansion [105]

9.4 x 10-6 K-1

6.5 x 10-6 K-1

Specific Heat (cp) [105]

520 J/kg·K

139 J/kg·K

-6

2

Thermal Diffusivity [105]

6.82 x 10 m /s

23.45 x 10-6 m2/s

Thermal Conductivity [6]

21.9 W/m·K

57.5 W/m·K

Electrical Conductivity [68]

40 x 10-8 Ω·m

13 x 10-8 Ω·m

2.5. Performance and Applications
The structure, processing, and properties define the performance of a material system. For
the binary Ti-Ta alloy, this manifests in several ways. First, the martensitic transformations, being
completely reversible, allow the alloy to demonstrate the shape memory effect [8], [106]. Ti alloys,
however, can suffer from functional degradation in which the cycling of the martensitic
transformations stimulate the formation of the ωiso and ωa phases causing embrittlement [106],
[107]. Second, the onset of phase changes with the inclusion of β-stabilizers produces minima and
maxima in the mechanical properties that can be used advantageously in engineering design. The
stabilization of the β phase increases ductility allowing for easier deformation. Inclusion of Ta,
like many other refractory elements, can improve high temperature performance.
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2.6. Hypothesis
As can be seen in the preceding review of the current research, there is no published work
in which material and mechanical characterization has been performed to compare the results of
Ti-Ta alloys graded horizontally and vertically. In fact, there is very little characterization of TiTa in LPBF at higher wt. % Ta. The proposed contribution for this research is the investigation of
the influence of the build direction on the properties of Ti-Ta multi-material graded alloys produced
in LPBF. This contribution will be achieved by the testing of the following hypothesis.

Building the compositional gradient in the horizontal versus vertical direction results in
different thermal histories causing the evolution of different microstructures which leads to
differences in mechanical properties.

2.7. Contributions
A list of the research contributions from this work is included below. The following
chapters provide the results and discussion of the research efforts in defense of these contributions.

➢ Investigated composition-process-structure-properties relationships in horizontal and vertical
grading of Ti-Ta alloys using LPBF

➢ Determined elemental segregation due to incomplete mixing in the melt pool and remelting at
the horizontal interfaces

➢ Demonstrated that the compositional interfaces were structurally sound
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➢ Explained the impact of the machine process strategy on composition control leading to phase
differences

➢ Discovered that the amount of Ta required as a beta stabilizer in LPFB
➢ Established that phase transformations, resulting microstructure and properties differed
between the vertically and horizontally graded coupons from the compounded effects of the
residual stresses ensuing from the thermal effects of LPBF process and the machine variables.
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3. EXPERIMENTAL METHODS
This chapter provides a summary of the experimental methods used throughout the rest of
the work. The types of data and methods of interpretation will be briefly explained.
3.1. Tension Testing
A fundamental property of an engineering material is its strength. A tension test performed
in accordance with ASTM E-8 standards [108] can provide valuable information on the strength of
a material as well as many other strength related properties such as the modulus of elasticity and
the amount of plastic deformation. Typically, the results of a tension test are presented in an
engineering stress-strain curve. An engineering stress-strain curve differs from a true stress-strain
curve in that only the initial diameter of the sample is used in the calculation of the area over which
the force is applied. In reality, after the ultimate tensile strength (UTS) is reached, dimensional
instability (necking) begins, and the force being applied by the load cell is constantly decreasing
which causes the true stress to continue rising. However, in the engineering stress-strain curve,
since only the initial area of the sample is used, the calculated stress decreases after the onset of
dimensional instability.
In addition to the UTS, the yield strength can also be determined from the engineering
stress strain curve. The yield strength is the point of onset of plastic deformation. Before the yield
point, all the deformation is recoverable elastic deformation which is the strain against the atomic
bonds. The slope of the stress-strain curve in the elastic region is the elastic (Young’s) modulus
and can be used as a measure of material stiffness. The strain hardening region in the engineering
stress-strain curve represents when the sample is undergoing uniform plastic deformation as a result
of dislocation slip. It is called strain hardening because the increase in dislocation density is a work
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hardening mechanism. After the UTS, the material can no longer sustain uniform deformation and
begins to neck leading ultimately to breaking. The definition of the failure of the material is
dependent on the requirements set. For most use cases, the material is required to remain
exclusively in the elastic region as any plastic deformation would lead to failure from misalignment
of components in complex machinery. In work hardening, sheet forming, and wire drawing, the
material is used extensively in the strain hardening region.

3.2. Vicker’s Microhardness
The second test used for mechanical properties is hardness. Hardness measurements can
indicate the resistance to scratching or penetration and are often used as a qualitative assessment of
relative strength. There are several standard hardness tests and the one used exclusively in this
work is the Vicker’s microhardness (HV) which was performed in accordance with the ASTM E9217-3 testing standard [109]. The formula for the calculation of HV is the force required to make the
indentation in the material divided by the surface area of the pyramidal indentation. When the
indentation test aligns with the ASTM standard face angle on the diamond pyramid indenter of
136° and force units of kgf, the formula for HV is given by:
Equation 2: HV formula
𝐻𝑉 = 1.8544 ×

𝐹
2
𝑑𝑚𝑒𝑎𝑛
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where F is the units of force in kgf and dmean is the mean of the two measured diagonals of the
indentation, d1 and d2 as shown in Figure 18.
Modern

d2
d1

test

equipment

is

designed

and

programmed to complete the calculations of HV for the
user as well as performing a range of area
measurements with predetermined step distances. For
this work HV0.2 measurements were obtained meaning
that the indentation force was 0.2 kgf.

Figure 17: HV indentation with
measurement notations
3.3. X-ray Diffraction
X-ray diffraction (XRD) techniques use Bragg’s law and single wavelength x-rays to create
a diffraction pattern and is used in characterization of material properties such as crystal structure,
crystallite size, and lattice stress. When an in-phase beam of characteristic X-rays impinges on a
crystal structure, the beam is diffracted at the same angle. If the planes of the crystal do not follow
Bragg’s law, the diffracted beam will not be in phase with out of phase wavelengths annihilating
each other. When the impinging beam interacts with a set of crystal planes that do obey Bragg’s
law, the diffracted beam is in phase and the intensity is amplified.
Equation 3: Bragg’s law
sin 𝜃 =

𝜆
2𝑑ℎ𝑘𝑙

Bragg’s law shows that the sine of the angle, θ, at which the x-rays are diffracted is equal
to the wavelength of the x-rays (λ) divided by two times the interplanar spacing (dhkl). The h, k,
and l designation on the interplanar spacing refers to the Miller indices that identify the specific
plane within the crystal system. The interplanar spacing is calculated from the crystal lattice
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constants and Miller indices of the planes which can vary considerably depending on the crystal
structure.

A moving diffractometer measures the angles at which the diffracted x-rays are

reinforced as a result of interacting with parallel crystal planes obeying Bragg’s law. The
relationship between the angles and measured diffraction can be used to identify the material and
the phases present through matching with known patterns [110].
3.4. Scanning Electron Microscopy
Scanning

electron

microscopy

(SEM) uses a focused beam of electrons to
raster across the surface of a sample to
produce an image. An SEM uses lenses and
apertures similar to an optical microscope,
but the resolution in imaging is dependent on
the wavelength of the energy used and
electrons acting as waves have a much shorter

Figure 18: Schematic of SEM (from
Nanoscience.com [111])

wavelength than visible light [111]. Instead of mirrored lenses, however, the SEM uses magnetic
coils to shape and focus the beam. The bombarding electrons are deflected by the nucleus or
electrons of similar energy in the outer shells [112].
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The secondary electrons (SE) come from very near the surface and are useful in imaging
the topology of the sample. These electrons experience inelastic scattering which means that the
beam transfers energy to the specimen to create ionization of the sample where loosely bound
electrons are allowed to escape from the atom. The backscattered electrons (BSE) come from
deeper in the sample and are the result of elastic scattering in which the deflected electrons have
very little loss of energy [112].

SEM images are

labeled SE or BSE to let the reader know which type
of imaging was used. When the electron beam has
enough energy to penetrate deeper than the BSE
imaging depth, the electrons can no longer escape to
the detector, but the x-rays that are created by their
Figure 19: Electron interaction with
samples in SEM (from
nanoscience.com [111])

energetic interactions can and are used in energy
dispersive spectroscopy as described in the next
section.

3.5. Electron Dispersive Spectroscopy
Electron dispersive spectroscopy (EDS) is a microanalysis technique used to determine
chemical properties of a material at the micro- or nano- scale by measuring the x-rays emitted when
the sample is bombarded with high energy electrons. When a high energy electron interacts with
an atom, it can cause one of the inner shell electrons to be ejected. Since the most stable state is to
have the inner shells of the electrons filled, an electron from a higher energy state will drop into
the inner shell from an outer shell. The energy difference from this change of energy states is
emitted as an x-ray. The wavelength of the x-ray is directly proportional to the energy difference
of the two shells. Since the electron shell energy states are determined by the element being
bombarded, the measurement of the emitted x-ray enables the identification of the element. EDS
can be used to analyze composition because the quantity of x-rays emitted from the sample is
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dependent on the concentration [113]. The larger the atom with respect to the full electron orbitals,
the more characteristic energies can be detected and they are classified as Kα, Lα, and M energies.
The first period elements in the periodic table (hydrogen and helium) do not have characteristic
energies because they do not have higher energy shells. Period two elements have only Kα energies
because they have electrons in the second energy level in the s suborbital that can fall back into the
first energy level. Beginning in the third period, full p-subshell electrons can participate to create
Lα energies. Once the fifth period of the periodic table of elements is reached, atoms have full dsubshells where M energies can be produced. Each of the Kα, Lα, and M energies of the elements
is unique. However, during the analysis of EDS spectra, some energies are close enough to create
misidentification.
EDS can provide both qualitative and quantitative analysis. Qualitative analysis can take
the form of mapping the location of elements using visual estimation of intensity as a gauge of
compositional patterns or a spectrum of energies to identify which elements are present in the
sample. Quantitative methods of analysis can include a comparison of peak intensities to calculate
concentrations.

Peak intensities that are isolated are simple, but overlapping peaks require

deconvolution and most commercial EDS analysis software packages use peak standards and
multiple linear least squares algorithms to separate the elemental contributions to complex peaks
[113].
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Figure 20. Examples of EDS qualitative and quantitative results (unpublished work by Cherish
Lesko)

3.6. Electron Backscatter Diffraction
Thus far the microanalysis techniques discussed have shown how the elements present in
the material are determined by EDS and how the material phases present in the material are
identified by XRD. Incorporating the information from XRD and EDS, electron backscatter
diffraction (EBSD) can create an image of crystals in the material including the crystal’s
orientation in space. EBSD can identify known phases in any orientation at the level of a single
grain, but the phases must be determined first [114]. This identification is accomplished by the
indexing of Kikuchi lines (Figure 22).
When an electron beam hits an atomic plane from a crystal in a tilted sample, some of the
electrons are inelastically scattered. Each diffracting plane in the crystal forms a pair of large-
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angle cones that satisfy the Bragg equation. The angle is high enough that the edges of the two
cones appear as straight lines on the detector known as Kikuchi lines. The width of the Kikuchi
lines is inversely related to the d-spacings meaning that crystal planes farther apart give thinner
lines. Because the middle of the Kikuchi line is where the diffracting plane intersects the
detector, the Miller indices of the plane can be determined. The intersections of the Kikuchi
lines are located at zone axes. Image processing allows the computer to use the Kikuchi lines to
identify the phase and the orientation of the crystal by transforming the image into Hough space
which converts the lines into dots which are compared with known patterns. This is accomplished
in a scanning pattern with all of this information collected at each step.

Figure 21: Relationship between the wide angle cones satisfying the Bragg Equation and Kikuchi
lines (from Nemcko [115])
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Figure 22: Relationship between the zone axis orientation in the stereographic projection from the
Kikuchi lines and the crystal orientation in space (from EBSD Explained [116])

In EBSD, the sample preparation is important because the electrons only react with the first
few nanometers below the surface. The sample must be polished to precisely flat without inducing
any elastic strain in the surface. Elastic strain either from uncareful polishing or from residual
stresses can make the Kikuchi patterns unable to be identified. The Kikuchi patterns are
transformed into Hough space where the lines become dots which makes the computer recognition
of the pattern easier. The data generated from the patterns can be mined to form many types of
analytical results.
Some of the more common ways to display the data are orientation maps, misorientation
maps, grain size analytics, grain boundary angles, and phase maps. Phase maps are the easiest data
scheme to interpret as they provide the location of each identified phase in a color-coded key.
Orientation maps are typically presented in inverse pole figure (IPF) where the axis of observation
with reference to the sample (X, Y, or Z) is centered onto the central axis of a stereographic
projection and the colored key indicates the location of the crystal plane orientation within the unit
triangle space. Distributions of grain size and grain shape can be made for every grain in the
collection window. The orientation of the grains with respect to neighboring grains can measured
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as well as any distortions in the grain itself as a result of strain and dislocation density. Pole figures
also use the stereographic projection to identify any texture relationships in the material. If there
is more than one phase, the pole figures can help identify the Burgers orientation relationship which
is especially important when analyzing phase transformations. When the pole figures for each of
the phases is produced, the orientation of the planes is indicated as a location on the pole figure. If
the other phase also has a plane in the same location on the pole figure plot, the two planes are
parallel [116].

Figure 23: Pole figures for α and β titanium showing Burgers orientation relationship of
(0001)//(110) and <21̅1̅0>//<111̅> (from EBSD Explained [116]).
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4.

EFFECT OF HORIZONTAL GRADING ON INTERFACE REGIONS

4.1. Introduction
The goal of developing the capability to grade the material composition in three dimensions
begins with the ability to create material composition changes in all directions. Layer-wise vertical
grading in LPBF can be accomplished by spreading different material compositions in each layer
while horizontal grading requires the ability to deposit multiple compositions within a single layer.
The first prototype of the GAP machine technology was developed by OpenAdditive, LLC and was
described in detail in Section 2.2.5. This chapter describes the initial study on prototype builds that
demonstrated multiple horizontal material gradients with compositions ranging from nominal 100
at. % Ti to 100 at. % Ta.
4.2. Methodology
Samples were obtained from specimens built by OpenAdditive, LLC, from premixed
elemental powders of Ti and Ta. The first phase of the study examined multiple horizontal
gradients where the process parameters are also modified for each of the powder compositions and
is presented in Table 8. The build process for these samples started with the CP-Ti which is pictured
as the leftmost section of the specimen in Figure 24 (a). After the powder was spread and the
melted, a micromachining laser was used to clean the adjacent area where the second composition,
Ti-19 at.% Ta, was spread and melted. This process was repeated until all six of the Ti-xTa
compositions were deposited and melted in the first layer. The powder bed then moved down one
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powder layer and the process was repeated until
the build was stopped. The as-built specimen
shown

in

Figure

24(a)

qualitatively

demonstrates that the composition changes can
be clearly seen and the planar directions are
identified in the image with the build direction
being in the z-direction.
The specimen was sectioned with a
diamond wafering blade into three sections
lengthwise. Two sections were mounted with

Figure 24: (a) As-built Ti-xTa horizontally
graded sample in wt% and (b) sample
prepared for material characterization.

x-y and x-z planes orientations in PolyFast and
were polished manually using SiC paper with grits of 240, 360, and 600 then Beuhler water-based
diamond suspension polishing media of 9µm, 6 µm, 3µm and 1µm. The finish polish was a 0.05
µm alumina suspension. The final section of the as-built specimen was further sectioned into pieces
that each contained a single interface that was reserved for XRD analysis. Imaging was performed
using SE and BSE SEM modes in a JEOL 7900F SEM. EDS line scans and maps were also
performed in the JEOL 7900F with EDAX camera and TEAM software.

Table 8: Process parameters for each of the different Ti-xTa alloy compositions
Laser Power
(W)

Laser Speed
(mm/sec)

210

Volume Percent

Weight Percent

Atomic Percent

Ti

Ta

Ti

Ta

Ti

Ta

900

100

0

100

0

100

0

220

850

80

20

52

48

80.4

19.6

230

800

60

40

29

71

60.7

39.3

240

750

40

60

15

85

40.9

59.1

250

700

20

80

6

94

21.1

78.9

325

500

0

100

0

100

0

100
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4.3. Effect of Horizontal Grading Process on Interface Regions
SEM microscopy of representative areas in the bulk regions of the horizontally graded
sample are shown in Figure 25. The region of pure Ti (Figure 25 (a)) depicts an α-lathe with
twinning morphology as well as small gas pores. The processing parameters for Ti are relatively
well known, so large amounts of porosity are avoided. A region of alloyed 40.9 at. % Ti/ 59.1 at.
% Ta is shown in Figure 25 (b). Because β-Ti and Ta have similar bcc crystal structures with
comparable lattice constants (3.19 Å and 3.31 Å respectively), alloys should form a solid solution
is cooled slowly enough to allow diffusion equilibration [87]. The non-equilibrium nature of the
rapid solidification in LPBF AM freezes in the microscopic elemental segregation in the as-built
part. Cellular morphology results from the large melting temperature differences between Ta (3290
K) and Ti (1941 K) and the steep temperature gradient causes the planar solidification front to
become unstable. Since the melting temperature of Ta is higher than Ti, the Ta solidifies first
rejecting the Ti to the liquid at the cooling cell walls. The primary dendritic arms (cells) are
approximately 1µm and there does not appear to be extensive secondary or tertiary branching. The
region of pure Ta in Figure 25 (c) shows areas of solidified Ta with large, complex lack of fusion
pores which indicates that the process parameters for Ta in LPBF were not optimal.

Figure 25: Representative microstructure in different bulk composition regions of the AM build; (a)
Ti, (b) Ti-59 at.% Ta, and (c) Ta regions.

The enlargement of the selected region shown in Figure 25 (b) shows the Ta-rich material
solidified as cells and dendrites. The dendrite morphology in metal alloys can lead to hot cracking
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or microporosity as a result of the microsegregation of the elements in the solidification process
[117]. The image of the dendrites in Figure 25 (b) has examples of both of these detrimental side
effects of dendritic morphology. Another interesting observation is that rather than a smooth
compositional gradient radiating out from the areas of high Ta concentration, the high Ta
concentrations seem to have a “boundary layer” of high Ti concentration between it and the dendrite
regions.
The concentration of Ta across the middle of the XY plane in the direction of the material
grading was measured using EDS. Figure 26 shows that the expected nominal atomic percent does
not agree completely with the measured concentration. Each segment below 78.9 at. % Ta showed
significantly more Ta present than expected. This was identified as potentially being because of
contamination from other compositional regions within a particular layer which could be improved
through further modifications of the machine strategy. It was also noted that because the Ta
particles have a much higher mass than Ti particles of the same size that the powder mixture does
not maintain consistency through the hopper deposition. The interfaces between the nominal
compositions of 39.3 at. % Ta & 59.1 at. % Ta and 59.1 at. % Ta & 78.9 at. % Ta demonstrated a
decrease in the weight percent Ta at approximately 14 and 18 mm on the x-axis. The Ti-Ta binary
alloy phase diagram (Figure 4 in Section 2.1) indicates that the bcc solid solution can decompose
into immisicible hcp and bcc phases at approximately 600°C near 80 wt. % Ta. However, the time
frames involved in the rapid cooling of LPBF melt pools makes diffusion unlikely. More likely,
the increased thermal energy provided by the changing process parameters selectively remelts the
Ti in the HAZ causing it to flow into the interface.
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Figure 26. EDS line scan of across the x-y plane in the direction of the horizontal grading.
Measured at. % Ta is shown as solid lines and nominal expected at % Ta is shown as dashed
lines.
The 0 at. % Ta and 19.6 at. % Ta interface had the largest compositional difference and
was explored further in Figure 27. In the prototype LPBF AM process, successive side by side laser
passes within a single layer were slightly overlapped, thus a horizontally graded interface was
required to first blend with that overlap. Each additional layer remelts approximately three of the
prior layers providing further opportunities for material mixing within the molten melt pool. In
Figure 27 (a), the brighter areas on the right are representative of the β alloy composition while the
darker areas on the left depict the near pure α-Ti. One of the assumptions of metal powder mixing
for AM alloying is that the fluid dynamics of the melt pool ensures perfect mixing. The
compositional gradients evident in Figure 27 (a), which are shown by the differences in the
greyscale, suggested that this may not be the case for this alloy. In order for perfect mixing to occur
in the melt pool, the melted powders would need to have the same interfacial tension, viscosity,
and density which the literature indicates is not the case for the Ti-Ta alloy system [73].
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Figure 27: (a): Backscatter electron mode SEM image of the interface between Ti and Ti-19.6
at% Ta. (b): Enlargement of area indicated in the white square in (a) of region with a sharp
compositional interface. (c) Enlargement of area indicated in (b) showing different morphologies
on either side of the interface and the high Ta concentration artifact indicated by the arrow.
Figure 27 (c), an enlarged area of Figure 27 (b), shows the magnification of the interface
with large compositional change. On the left-hand side of the image, Ti is solidified into the αlathe morphology. On the right-hand side, the presence of the Ta instigates a morphology change.
The large differences in the melting temperatures results in cellular with Ti in the intercellular
boundary regions. Of particular interest at the compositional boundary, a region of high Ta
concentration forms what appears to be a diffusion front pushing into the α-lathe microstructure
which is seen as a line of brighter intensity similar to an outline of the high Ta dendritic area.
Behind this diffusion front, the separation of the two distinct morphologies is outlined by a region
of higher Ti concentration which appears to support the EDS profile shown in Figure 26, that there
is segregation in the interface regions at a scale larger than the cellular solidification. However,
the length scale of nearly 1 µm makes the diffusion process unlikely. However, the side-by-side
remelting process of the horizontal grading process can explain the phenomenon. The lower
melting temperature of the Ti creates a situation where the Ti is able to flow into the interface while
the Ta in the remelted zone with the higher melting temperature cannot.
The EDS mapping of each interface region is presented in Figure 28 where Ta is
represented by the green pixels in the top row (a-e) and Ti is represented by the magenta pixels in
the bottom row (f-j). In Figures 28 (a, f), the pure Ti & Ti-19.6 at. % Ta interface shows how the
Ta is both melted and partially mixed into the 100% Ti because of the jagged edge of the interface.
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Additionally, unmelted Ta particles are present on one side of the interface. This could be a result
of spatter from the surrounding regions or contamination from the powder spreading process.
Because different processing parameters are used in the different regions, the Ta particles are not
melted on the Ti side of the interface. Figures 28 (b, g) of the 19.6 at. % Ta & 39.3 at. % Ta interface
show how the overlapping remelt results in an angled and diffuse interface. A localized area of
higher Ta concentration is indicated in Figures 28(b, g) where the surrounding shadowing suggests
higher Ti concentration immediately around it. In Figures 28 (c, h), along the interface from top to
bottom, a region of higher Ti concentration separates the two composition regions which could be
a result of selective remelting or material from the Ti build plate being drawn up into the melt.
Figures 28 (d, i) and (e, j) have an area of lower Ta concentration that reaches up from the build
plate area to midway up the interface where the effect can no longer be seen. It is important to note
that the entire build was completed on a Ti substrate, so a higher Ti concentration at the bottom of
the scan likely comes from mixing with the build substrate.
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Figure 28: EDS maps of 350 µm interface areas from left to right in increasing at. % Ta where
Ta is imaged in green (top row) and Ti is imaged in magenta (bottom row). The interfaces are (a,
f) Ti & Ti-19.6 at. % Ta, (b, g) Ti-19.6 at. % Ta & Ti-39.3 at. % Ta, (c, h) Ti-39.3 at. % Ta & Ti59.1 at. % Ta, (d, i) Ti-59.1 at. % Ta & Ti-78.9 at. % Ta, and (e, j) Ti-78.9 at. % Ta and Ta. The
dashed lines indicate the approximate position of the interfaces.

In addition to EDS mapping, line scans across the five different interfaces at z-locations
near the build plate, in the middle of the build height and near the top of the sample and are shown
in Figure 29. The results demonstrate that the concentration profiles change with build height within
a single interface. This is most evident in interfaces 3-5 (Figure 29 (c)-(e)). The drop in Ta
concentration in the interface regions is more prevalent closer to the build plate than near the top
of the build. This could be because the specimen is fabricated on a Ti build plate and there is mixing
of the Ti into the Ta regions especially as the composition increases Ta concentration which
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requires higher melting temperatures. There could also be more contamination of Ta particles as
the build height increases because of the powder composition mixture issues or insufficient clearing
from the prior layer. The powder is a mechanical mixture of elemental powders and may not stay
consistently mixed. Potentially, more Ta particles are released because Ta has a higher mass and
over time, the Ta sink to the bottom of the powder hopper where the powder is deposited. If an
alloyed powder for each composition is created, this would not be a concern. Further parameter
development for the powder clearing process was suggested as a way to improve the consistency
of the interfaces as the build height increases.

Figure 29: EDS line scans of 350 µm interface regions between the compositional regions (a)
Ti & Ti-19.6 at. % Ta, (b) Ti-19.6 at. % Ta & Ti-39.3 at. % Ta, (c) Ti-39.3 at. % Ta & Ti-59.1
at. % Ta, (d) Ti-59.1 at. % Ta & Ti-78.9 at. % Ta, and (e) Ti-78.9 at. % Ta and Ta.

4.4. Conclusions and Contributions
The characterization of the samples produced by the novel GAP LPBF process
demonstrated the horizontal grading of dissimilar alloy compositions. The higher than expected
Ta at. % could be a result of contamination from the powder spreading and cleaning process or
from powder segregation in the hopper over time. Clear microstructural differences were evident
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for the different alloy compositions. Elemental segregation at the sub-micron scale resulted from
the constitutionally supercooling leading to cellular morphology upon solidification. There are also
distinct boundaries between Ti and Ta concentrations on the scale of tens of microns calling into
question the assumption of perfect mixing in the melt pool. Additionally, segregation of the Ta
was more pronounced closer to the build plate than it was closer to the surface. Cellular
solidification, incomplete mixing in the melt pool, and the selective melting of the lower melting
temperature material in the interface regions lead to elemental segregation on multiple length
scales. The research in this chapter described how the elemental segregation resulted in phase
differences which could lead to deleterious properties in the final builds such as the inclusion of
brittle phases were ductile phases were expected and selective melting in the interface region at use
temperatures.
Contributions from the study of horizontally graded interfaces include:

➢ Determined elemental segregation at multiple length scales due to cellular solidification,
incomplete mixing in the melt pool, and remelting at the horizontal interfaces
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5. EFFECT OF GRADING PROCESS ON FRACTURE PROPERTIES
5.1. Introduction
Performing tension testing on bars designed with horizontally and vertically graded
material interfaces provides valuable information on the strength of the interface. In this chapter,
the testing of multi-material tensile bars built using the prototype GAP machine technology is
performed. Additionally, examination of the fracture surfaces with both SE and BSE SEM is
performed and discussed to determine failure inducing mechanisms. XRD analysis was performed
near the fracture surface in the necked region to explore the possibility of locating any straininduced phases.
5.2. Methodology
The specimens used for mechanical testing of the differences in the horizontally and
vertically graded interfaces were built by OpenAdditive, LLC after an iteration of machine
technology improvement as described in Section 2.2.5 and with the process parameters listed in
Table 9. The process improvement involved the replacement of the micromachining laser with
vacuum suction of the areas to be cleared of powder. The powder placement and grading processes
remained the same. The Ti powder was spread using the main powder supply and spread with the
recoater arm and melted. The vacuum nozzle then removed the Ti powder in the area were the TiTa alloy was wanted. The mixed elemental powders were then spread and melted together. Finally,
the build plate moved down one layer thickness and repeated the process until the build was
completed.
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Table 9: Process parameters for Ti and Ti-19 at. % Ta alloy sections for the horizontally and
vertically built interfaces
Powder

Laser Power (W)

Laser Speed (mm/s)

Hatch Spacing (mm)

Ti

210

900

0.06

Ti-19 at. % Ta alloy

233

820

0.06

Eighteen flat tensile bars were built using nominal pure Ti and Ti-19.6 at. % Ta (henceforth
called Ti-Ta alloy) powders with the identical composition of the first interface in the previous
study. Employing prototype GAP machine technology, tensile bars were additively manufactured
in net shape resulting in three specimens each of horizontal and vertical build direction for Ti, TiTa alloy, and graded Ti & Ti-Ta alloy (Figure 30) for a total of 18 specimens. The size and shape
of the tensile bars are as close as possible to the ASTM E8 Type V bars with the exception of the
fillet radius that had to be made more shallow to accommodate the overhang angle restrictions in
the AM process for portions of the vertical builds [108]. This ASTM standard was designed for
homogenous materials and, therefore, cannot apply precisely to the testing of the graded samples.
The graded samples were built so that the interface of the Ti and Ti-Ta alloy were located in the
middle of the gauge section perpendicular to the axis of applied force as shown in Figure 31. The
tensile bars were removed from the build plate using EDM. The gauge sections of the test bars
were hand polished to remove any large-scale surface roughness that was present from the different
build orientations.
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Vertical
Build
Orientation

Horizontal
Build
Orientation
Figure 30: (a) Horizontal and vertical build orientations of graded tensile bars as seen on the build
plate and (b) surface preparation (shown on the right tensile bar) to remove large scale surface
roughness.

Ti

Ti-Ta

Interface

Ti-Ta

Ti
Figure 31: Schematic of the interface direction in the horizontal and vertical build directions.

Tensile testing was completed on an Instron 5500R universal testing machine with a 30,000
lb. load cell and Bluehill test control software. The crosshead displacement rate was set to 0.007
in/min for quasi-static test scenario. Accurate total strain calculation was unavailable due to the
lack of an extensometer for the small samples.
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After the tension testing, SE SEM imaging was performed at low magnification on the
fracture surfaces to interrogate the topography resulting from the fracture using a JEOL 7900F
SEM. No sample preparation was performed beyond wafer cutting the broken tensile bars
approximately 5 mm away from the fracture surface for mounting in the SEM sample holder using
carbon tape. Higher magnification images were also used to examine some features in more detail.
BSE SEM imaging was used to determine the distance of the fracture surface from the interface in
the graded samples. XRD spectra of the deformed area around the fracture surface were also
recorded using a Rigaku Smart Lab II. The spectra were recorded for 2θ of 5-80° with steps of
0.01° at a rate of 3°/min. The phase identification was performed using the built-in phase ID and
by hand using the Rigaku pdf versions of the cards. Graphing of the XRD spectra was performed
using Origin 2021 student version software.

5.3. Effect of Build Direction on Tensile Strength
The tensile testing results are shown in Figure 35. The Ti tensile bars built in the horizontal
direction had an average UTS of 111x 103 psi while the bars built in the vertical direction had an
average UTS of 119x103 psi. The average Young’s modulus of horizontal builds is 1.2x106 psi
while the vertical builds is 1.3x106 psi. The third horizontal Ti test had a UTS 25% lower than the
other two measured.
Rapid solidification and layer remelting is expected to result in columnar grains parallel to
the direction of heat flow [1], [118]. Ti solidifies first as a bcc β crystal structure then transform
forms the hcp α′ martensite morphology with rapid cooling [119], [120]. Cubic crystal structures
have preferential solidification directions along <100> directions [117] and Burger’s orientation
relationships of {110}β//{0001}α′ and <111>β//<21̅1̅0>α′ for the martensitic phase transformation
of β→α′ [105]. The multiple crystal directions and planes with the identified indices can combine
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to form in 12 possible Burger’s orientation relationship variants. This would result in different
orientations of the slip planes in hcp with respect to the force vector during the tensile test. For the
vertically built tensile bars, the columnar α grains would be expected to be roughly aligned with
the loading direction while those in the horizontally built tensile bars would have the long axis of
the columnar grains perpendicular to the tensile force. However, because of the rapid cooling, the
α′ martensitic phase can disrupt the columnar morphology with smaller grains in random
orientations [119], [121], [122]. Microscopy of coupons representative of the gauge section
geometry will be discussed in the next chapter.

Figure 32. Tensile bars after testing for Ti horizontally oriented build (left) and vertically oriented
build (right)

The tensile bars made from the Ti-Ta alloy should have resulted in more anisotropic
properties since the atomic percentage of Ta is twice the literature reported value to stabilize the
bcc β phase and the prior β grains should exhibit columnar morphology [2]. The horizontal build
had an average UTS of 105x103 psi and an average Young’s modulus of 1.6x106 psi whereas the
vertical build had an average UTS of 95x103 psi and an average Young’s modulus of 1.2 x106 psi.
One of the vertical samples had nearly the same UTS as the horizontally built bars so the two bars
with the lower UTS are likely so as a result of the defects or porosity.
For the Ti-Ta alloy composition of 19 at. % Ta, the martensitic phase transformation is
expected to be β→α″ where α″ has a c-centered orthorhombic crystal structure [123]. The threshold
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concentration of Ta in Ti to cause this phase change is approximately 10-11% [2], [119]. The
Burgers orientation relationship for the β→α″ phase transition is <01̅1>β//[001]α″ and
{21̅1}β//{110}α″ [123]. The martensitic phase transformation also causes a 1.5-3° rotation of the
[100]α″ from the (100)β [123], [124]. The α″ phase has one strong slip system and, therefore, can
exhibit ductility when that slip system is active and brittle behavior otherwise [125].

Figure 33. Tensile bars after testing for Ti-Ta alloy horizontally oriented build (left) and
vertically oriented build (right)

The horizontal build of the graded specimen produced a vertical interface between the Ti
and the Ti-Ta alloy. The tension testing of these specimens resulted in an average UTS of 105x103
psi while the testing of the vertical build specimens with the horizontal interface resulted in an
average UTS of 110x103 psi. Figure 35 shows the UTS of all eighteen samples with both the
orientation and the sample number for correlation with the fractography images.

Figure 34. Tensile bars after testing for horizontally graded build (left) and vertically graded build
(right)
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Figure 35: Ultimate tensile strength of single material and graded specimens in horizontal and
vertical build orientation labeled by material and build direction with each sample in the set
identified by sample number. UTS for cast α-Ti is 35-80 ksi and UTS for cast β-Ti is 114-201
ksi.

5.4. Effect of Build Direction on Fracture Surfaces
Titanium solidifies as a bcc β phase that transforms into an hcp α phase at 1155K (882°C)
when cooled slowly and an hcp α′ martensitic phase when rapidly cooled. The hcp and bcc phases
behave differently during fracture as a result of differences in ductility based on the number of slip
planes available. On this basis, the fractography images of each of the samples are discussed in the
following sections.
5.4.1.Near pure Ti
The fracture surfaces of the horizontally and vertically build Ti tension specimens are
shown in Figure 36. The distinct cleavage planes and lack of plastic deformation or dimpling is
typical of brittle hcp metals. In general, both build orientations for Ti demonstrate very low
porosity on the fracture surface.
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Ti H-1

Ti H-2

Ti H-3

Ti V-1

Ti V-2

Ti V-3

Figure 36: Fracture surfaces of tensile specimens of horizontally and vertically oriented builds of
near pure Ti labeled with the specimen identifier.

All six of the near pure Ti samples had UTS measurements within reasonable range of the
others except for the third horizontal specimen which was lower than the other two in its group.
Examining the fracture surfaces does not give a clear answer as to why that one specimen had lower
strength than the others except for the possibility that fracture may have begun near a surface defect
as indicated by the arrow in the image.
5.4.2.Ti-Ta Alloy
Both the composition and the process parameters were the same for both the horizontal and
vertical builds, but the difference in the build orientation leads to different thermal history. As the
thin gauge sections are built, the small surface area of the build in the layer is surrounded by
isolative powder with a very thin conduction path for the heat back to the build plate which can
lead to the accumulation of heat. This is evidenced in the fractography images in Figure 37 that
show significantly more porosity in the vertically built specimen. Based on the size and spherical
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shape, the pores are the result of keyholing likely caused by the vaporization of Ti in the areas of
accumulating heat. Additionally, the fracture surface of the horizontally built specimen shows
expected patterns of ductile fracture such as large plastic deformations, but only small dimpling.
The fracture surface of the vertically built specimen shows less evidence of dimpling and areas of
cleavage planes typical of brittle failure. The increased porosity seen in the vertically built tensile
bar fracture surfaces is due to the geometry of the LPBF build. The horizontally built tensile bars
have a large surface area within the build layer which facilitates heat conduction away from the
melted layers while the vertically built tensile bars have a smaller cross-sectional area through
which the heat can be conducted. Instead, the solidifying and cooling layers are surrounded by
insulating powder which could lead to increased heat build-up in the thin area of the gauge section
and cause temperatures to reach threshold values where the Ti could evaporate leading to keyhole
porosity.
Ti-Ta H-1

Ti-Ta V-1

Ti-Ta H-2

Ti-Ta H-3

Ti-Ta V-3

Ti-Ta V-2

Figure 37: Fracture surfaces of tensile specimens of horizontally and vertically oriented builds of
Ti-Ta alloy labeled with specimen identifier.

58

5.4.3.

Graded Specimens

The fracture surfaces of the graded tensile bars display a combination of brittle and ductile
failure modes. There is evidence of cleavage of planes expected in brittle failure as well as plastic
deformation and dimpling found in ductile rupture. This fracture behavior is clear in all three of
the horizontally graded tensile bars in Figure 38 where the surface has smooth shear planes and
fine dimples. The vertical specimens display the increased porosity as in the Ti-Ta alloy bars.

Graded H-1

Graded V-1

Graded H-2

Graded H-3

Graded V-2

Graded V-3

Figure 38: Fracture surfaces of horizontally and vertically graded specimens labeled with the
specimen identifier. Smooth shear planes are indicated by the black arrows and the areas of
finely textured dimples from the rupture are indicated by the white arrows.

A more detailed examination of the fracture surfaces in the graded tensile bars provides
further insight into the behavior of the interface. The SE BSE image in Figure 39 (a) indicates that
the failure initiation was not located at the site of the three close pores, but rather almost 100 µm
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away at the part edge as indicated by the smoothly sheared edges. In Figure 39 (b), the SE SEM
image shows the change in topology as the failure propagates from the smooth, cleaved Ti side of
the interface through to the dimpled alloy side. The BSE SEM image in Figure 39 (c) confirms
that the failure propagated through the interface from the Ti side to the alloy side since the shearing
starts on the Ti (dark) side of the interface and continues up to the dimpled rupture in the Ta-rich
(bright) side of the image. These images indicate that the interface itself was not contributing to
the failure of the tensile bar.

Figure 39: Fractography images of the horizontally graded tensile specimen where (a) shows the
fracture initiation away from pores, (b) shows the change in fracture surface from cleavage to
dimpled, and (c) shows the BSE SEM image indicating that the fracture transects the interface.
The dashed line shows the approximate location of the interface.

Additional images of the vertically graded tensile bars were also obtained. The SE SEM
image in Figure 40 (a) is a side view of the deep pore on the edge of the specimen shown in the
Figure 38 Graded V-1 image. The presence of partially melted powder particles in the pore
indicates a large lack of fusion pore where subsequent layers were not fully deposited or melted.
The arrow in the image indicates a large crack attached to this pore. The BSE SEM image in Figure
40 (b) confirms that the large lack of fusion pore on the edge of the specimen is located at the
interface. The final BSE SEM image in Figure 40 (c) is an image of the large interior pore from
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Figure 38 Graded V-1 and seems to indicate that this pore also extends down through the alloy to
the interface with the near pure Ti.

(
a)

(

(
c)

b)

Figure 40: Fractography images of the vertically grade specimen focusing on the two major
defects. (a) SE SEM image showing lack of fusion and cracking (arrow) on the edge of the
specimen, (b) BSE SEM image indicating lack of fusion/powder loss occurred near the interface,
and (c) BSE SEM image showing the interior pore extending to the interface. The dashed line
indicates the approximate location of the interface.

5.5. Effect of Build Direction on Phase Content
5.5.1.Near pure Ti
The XRD spectra of the Ti tension specimens in the region of the necking and break are
shown in Figure 38.

The spectra indicate that phase differences are present between the

horizontally and the vertically built specimens. While both the horizontally and vertically oriented
bars showed the presence of bcc β Ti-Ta (38.3°, 55.9°, and 70.0°) and martensitic α″ (63.8° and
69.5°), only the vertically built specimen showed strong peaks for the α/α′ hcp phase (40.1°, 52.9°,
62.7°, and 71.4°). A slight phase shift to lower angles for the β phase reflections is consistent with
changes in diffraction angles due to changes in the Ta concentration. The α″ martensitic phase is
not expected in the near pure Ti tensile bars based on composition, but the α″ has been identified
as present at similar compositions as a result of stress [122], [126], [127]. However, the spectra for
the horizontally graded bars seemed to be of poor quality which may be the result of attempting to
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collect the reflections from a distorted solid sample. The XRD spectra of the broken tensile bars
specimen were taken following the tensile test which means that dimensional instability in the form
of necking had occurred leaving an angled, twisted, or deformed surface. The collection of the
XRD spectra on non-flat surfaces can cause difficulties.
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Figure 41: XRD spectra of Ti tensile specimens built in horizontal and vertical orientations in
necked region after tensile failure

5.5.2.Ti-Ta Alloy
The strong single peak at 38.87° along with minor peaks at 55.69° and 70.52° in the
horizontally built Ti-Ta alloy spectra in Figure 39 are characteristic of the bcc β Ti-Ta phase with
space group lm-3m. The bcc-Ta phase has the same space group with slightly larger lattice
parameters which can cause the diffraction peaks to be shifted to a lower diffraction angle (38.36°
and 69.36°) leading to the appearance of broadening or composite peaks. The bcc Ta could be
present in the form of unmelted or partially melted Ta powder particles.
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The XRD of the vertically built alloy specimen displays two strong peaks in the region of 38°-40°
instead of one. The same bcc β-Ti peaks are present, but new peaks at 40.15°, 53.01°, 70.55°, and
76.27° can be matched to the martensitic α″ c-centered orthorhombic phase. A few minor peaks at
63.64° and 71.66° indicate the presence of a small quantity of hcp α/α′-Ti (space group P 63/mmc)
which is present only in the vertically built specimen.

Since the [110] peak for both the

horizontally and vertically oriented builds is roughly the equivalent intensity, the XRD spectra
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demonstrates that the vertically oriented tensile bar builds had larger areas of α″ phases as well.
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Figure 42: XRD spectra of the horizontal and vertical builds of Ti-Ta alloy in the necked region
after tensile failure

5.5.3.Graded Specimens
For the graded tensile bars, the hcp α/α′ phases appear to more likely found in the vertically
build specimen than the horizontally built specimen as evidenced by peaks at 40.15° and 52.98°in
Figure 40. The α/α′ phase should be expected since the graded tensile bars have half of the build
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with near pure Ti. The fact that the hcp α/α′ phases are almost nonexistent in the horizontally
graded tensile bar raises significant questions about the near pure Ti region of the tensile bar which
will be addressed in Chapter 6. The orthorhombic α″ phase can be seen in the horizontally graded
specimen peaks at 64.1° and 70.2° but is absent at 77.5°. Both the vertically and horizontally
graded tensile bar specimens have peaks present for the bcc β-stabilized Ti-Ta alloy although the
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peaks for the horizontally graded tensile bar appear broader and less defined.
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Figure 43: XRD spectra of horizontally and vertically graded tensile specimen in necked region
after tensile failure.

5.6. Conclusions & Contributions
In this chapter, the tensile strength, fracture surfaces, and phase composition were discussed
for specimens of horizontally and vertically oriented builds of near pure Ti, Ti-Ta alloy, and graded
tensile bars. The effect of build orientation prompted the differences in thermal histories as a result
of how much thermally conductive material was available in the layer compared with the isolative
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effects of the powder. Additionally, the martensitic phase transformations and the Burgers
orientation relationships were discussed and XRD confirmed the presence of both α′ and α″
martensitic phases. The UTS of all 18 tensile specimens were within the same range without huge
deviation and the fracture surfaces showed expected behavior with a mechanically sound interface
and failure on the side of the weaker alloyed material. As is typical in AM materials, these results
indicate that the defects in the build have a more substantial contribution to the final failure than
the interface.
Contributions from the study on the effect of build orientation on mechanical properties
include:

➢

Demonstrated that the horizontally graded interface was at least as structurally sound as
the more commonly studied vertically graded interface
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6. EFFECT OF MACHINE PROCESSING STRATEGY ON COMPOSITION, RESIDUAL
STRESS, MICROSTRUCTURE AND HARDNESS

6.1. Introduction
As with many of the process variables in AM, whether intentional or unintentional, the
spatial variation which result from the choices of machine processing strategy compounds the
complexity of understanding the process-structure-properties relationship. In addition to the LPBF
processing parameters such as laser speed and power, machine process strategies for the operations
of power mixing, deposition, spreading, and removal in the prototype GAP equipment are shown
in this chapter to affect the compositional variation of the resultant part.

The changes in

composition subsequently have cascading influence on the resulting microstructure and properties.
This chapter elucidates the relationship between the machine processing strategy used in the builds
of the gauge section coupons, the Ta concentration profiles, and the Vicker’s microhardness. With
the explanation of the variation in composition because of the powder deposition and removal
machine technology and the analysis of the process parameters, further understanding can be gained
about how the geometrically-dependent residual stress influences the microstructures of the
horizontally and vertically graded coupons. Additionally, the non-equilibrium LPBF solidification
and phase transformation processes as well as their impact on final microstructure and properties
will be explored in this chapter.

6.2. Methodology
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6.2.1.Powder Processes
The powders used in this study were AP&C
CP-Ti and TEKMAT Ta-45.

The elemental

powders were spray atomized with similar diameter
distributions and a mean on 45 µm. The elemental
powders were mechanically mixed by volume in a
drum mixer with a mixing medium for 20 minutes
at a speed of 45-65 rpm. For this study, CP-Ti was
used from the overflow and is anticipated to be

Figure 44: BSE SEM of Ti and Ta powder
particles

contaminated to some extent. The mechanically mixed elemental powder used for the alloyed
regions of the builds was Ti-19.6 at. % Ta.
Powder specimens were taken from the premixed stock in the machine hoppers. XRD
analysis was performed on a Rigaku SmartLab II to assess the elemental phases present in the
powders. The settings for the test were a step size of 0.05° over the range of 5-80° with a speed of
3°/min. Powder samples were also prepared for use in the SEM using a stem holder with carbon
tape. A small amount of powder was pressed gently into the carbon tape and the excess/loose
particles were removed before insertion into the SEM. BSE SEM images and EDS mapping were
accomplished using a JEOL 7900F with EDAX camera and TEAM software.
6.2.2.Coupon Samples
Coupons were fabricated with the same dimensions of the tensile bar gauge sections from
Chapter 5 to be used as comparative microscopy specimens. The GAP machine was used for the
build to create vertically and horizontally graded specimens on a Ti build plate as shown in Figure
45 by OpenAdditive, LLC after an iteration of machine technology improvement as described in
Section 2.2.5 and with the process parameters listed in Table 10. The process was designed so that
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the Ti powder was spread first using the main powder supply and spread with the recoater arm and
melted. The vacuum nozzle then removed the Ti powder in the area were the Ti-Ta alloy was
wanted. The mixed elemental powders were then spread and melted together. Finally, the build
plate moved down one layer thickness and repeated the process until the build was completed.
Table 10: Process parameters for Ti and Ti-19 at. % Ta alloy sections for the horizontally and
vertically built interfaces in the gauge section coupons
Powder

Laser Power (W)

Laser Speed (mm/s)

Hatch Spacing (mm)

Ti

210

900

0.06

Ti-19 at. % Ta alloy

233

820

0.06

The region of the vertically graded specimen
closest to the build plate was Ti with the Ti-19 at. % Ta
alloy in the upper half.

Ti-Ta

Ti-Ta

The horizontally graded

Ti

specimen nearest the vertically graded specimen was
also Ti. The interface manifestation on the surface is

Ti

visible in Figure 45 as indicated by the red arrow. Each
specimen is approximately 1.5 cm x 3 mm x 3 mm. The
Figure 45: Gauge section coupons for
planes of interest in the microscopic analysis are shown horizontally and vertically built
interfaces. The arrow indicates where
in Figure 46. The build direction is designated as the the interface appears on the build
surface.
Z-axis. The stripes laser scanning strategy was used
with 70° rotation each layer.
The graded gauge section coupons were removed from the build plate using a diamond
wafering blade and mounted in PolyFast. Metallurgical specimens were polished manually using
SiC paper with grits of 240, 360, and 600 followed by Beuhler water-based diamond suspension
polishing media of 9µm, 6 µm, 3µm and 1µm. The samples were finished with a 48-hour cycle in
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the Beuhler Vibromet using 0.03 µm colloidal silica with deionized water and ethanol rinse before
being dried with low pressure nitrogen gas. The sample preparation process was such that the
observed planes are several hundred microns from the surface planes indicated in Figure 46.
The vertically graded coupon needs only the side of the coupon analyzed as all four sizes
of the coupon should represent equivalent XZ planes where the lower part of the build is Ti and the
upper part of the build is Ti-Ta alloy. The horizontally graded test coupon, however, is analyzed
on two sides representing the XY and XZ planes of the builds because the change of material and
processing parameters in each layer side-by-side create unique thermal histories from a side view
(XZ) perspective whereas the XY plane is expected to be the plane that most closely comparable
to the vertically built XZ plane.

Figure 46: Identification of the build planes analyzed in this study

6.2.3.Hardness Testing
Vicker’s microhardness testing was completed on the gauge section coupons using a Qness
60 A+ with Qpix Control software and the area scan option shown in Figure 47 (d). For
comparison, hardness measurements were taken on the three planes on interest – vertically graded
XZ plane, horizontally graded XY plane, and horizontally graded XZ plane. Several calibration
indentations were made to select the correct load and dwell time. The resulting automated process
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used a HV0.2 ASTM test with a load of 200 grams and a dwell time of 12 seconds. Step sizes for
the area grid measurements were 200 µm in both the x and y directions. The total number of
measurements was dependent on the sample size and the total test area defined.

(a)

(b)

(d)

(c)

(e)

Figure 47: (a) Qness 60 A+ showing translation stage and indenter/objective apparatus, (b)
indenter in contact with specimen, (c) thumbnail view of single indentation with automatic
measurement indicators, (d) area test series set up in reference to sample, and (e) optical image of
the array of indentations after the test.

6.2.4.Microscopy
Qualitative microscopy was performed using secondary electron (SE) and backscatter
electron (BSE) modes in the JEOL 7900-F scanning electron microscope at 25.0kV. Quantitative
microscopy was performed using EDAX electron dispersive spectroscopy (EDS) with the JEOL
7900-F SEM. Electron backscatter diffraction (EBSD) analysis was completed on a ThermoFisher
Apreo C SEM with an Oxford Instruments Symmetry detector with AZtech acquisition software.
EBSD imaging was accomplished at a magnification of 500x and 125 - 330 frames were
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electronically stitched together to form a montage displaying large-scale images. AZtech Crystal
software was used for the post-acquisition analysis.
6.2.5. Phase Analysis
Phase analysis using Rigaku SmartLab II XRD was performed on the gauge section
coupons representing the horizontally and vertically graded builds containing the material interface.
The settings for the test were a step size of 0.01° over the range of 5-80° with a speed of 3°/min.
For the gauge section coupons, additional, higher resolution scans were performed between 32-43°,
52-57°, and 60-80° with a step size of 0.005° and a speed of 0.2°/min. These specific areas have
multiple overlapping diffraction peaks from several of the phases of interest. Spectrum analysis
was completed using OriginPro 2021 student edition software with the XRD app add-in.

6.3. Effect of Incomplete Mixing in the Melt Pool
Since the Ti-Ta alloy consists of elemental mixed powder, it was assumed that it would
mix completely in the liquid state in the melt pool. When the elemental liquids are in the melt pool,
they experience convection-driven fluid dynamics called Maragoni flow [1], [128]-[130]. As seen
in the BSE SEM images in Figure 48, this assumption is not valid. The images of the melt pool
show dark bands of Ta-poor regions and bright areas that are Ta-rich with various shades of grey
indicating intermediate compositions indicating incomplete mixing. The incomplete mixing in the
melt pool, sometimes called “banding”, has also been documented in Ti-Mo and Ti-Nb systems
[12], [105], [131]. Both molybdenum (Mo) and niobium (Nb) are refractory metals like Ta with
high melting temperatures and high thermal conductivity so that when alloyed with titanium the
balance between providing enough energy for melting and mixing and not having too much energy
that increased porosity becomes difficult.
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Banding
Ta
Ti

Ta

Banding

Figure 48: BSE SEM images showing incomplete melt pool mixing
Figure 49 displays the EDS elemental maps for a region in the vertically graded coupon
that has noticeable banding at the interface. In Figure 49, the dark bands in (a) and (b) align with
the highest intensity blue bands in (c) confirming the dark bands in the BSE SEM represent Ti. In
(c)
the area near the interface, remelting of Ti layers beneath the Ti-Ta alloy layers occurs. This forces
mixing of the Ti-Ta alloy powders into the remelted Ti. However, the elemental segregation
causing banding is not limited to the area near the interface where the laser
(c) power and speed is
changed to accommodate the alloy thermal properties.

(a)

(b)

(a)

(c)

(c)

(c)
100 µm

100 µm

(c)

(c)

100 µm

Figure 49: EDS mapping of region with incomplete melt pool mixing (a) BSE SEM image, (b) Ta
elemental
map, and (c) Ti elemental(c)map.
(a)
(c)

The EBSD images in Figure 50 highlight elemental segregation in the melt in the Ti-Ta
(c)
(a)
(c)
alloy β-stabilized region of the build. The phase map in Figure 50 (a) shows that bands of the hcp
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α′ phase exist in the shape of the melt pool. The kernel average misorientation (KAM) in Figure
50 (b) shows that local misorientations between adjacent orientation calculations (kernels) are
higher in the region of the hcp phase bands suggesting that the area has high levels of plastic strain
in the form of dislocations to accommodate the boundary between the two phases. The area in the
grain orientation spread (GOS) where the hcp bands are located return a zero solution (black pixels)
in Figure 46 (c) indicating that the calculated orientation with the grain was not calculable for the
hcp phase either because the grains were too small for comparison or the internal stresses in the
form of dislocations was very high. The GOS map also shows several grains with higher spread
indicating that the calculated orientation for each of the points inside the grain has higher deviation
from the mean orientation suggesting elastic lattice strain to further accommodate the crystal lattice
differences between the bcc and hcp phases. The inverse pole figure (IPF) map of the β phase in
Figure 50 (d) shows the directional solidification typical in the melt pool with grains orthogonal to
the direction of heat flow back through the solid. One of the melt pool boundaries is outlined in
white in Figure 50 (d) and an arrow indicates the solidification direction. The IPF for the hcp
phases shows that the orientation calculations had difficulty attributing the hcp pixels to larger grain
structures when compared to the IPF of the β phase which could indicate very small grains or high
stress in the hcp bands.

(a)

(b)

(c)

(d)

(e)

bcc β
hcp α/α′

Figure 50. EBSD imaging of region of incomplete mixing in the melt pool (a) phase map, (b)
KAM, (c) GOS, (d) IPF of bcc β phase, and (e) IPF of hcp α/α′ phase.
73

Incomplete mixing can lead to unexpected issues in an as-built part. As seen in these
EBSD images of a predominantly beta stabilized area in Figure 50, the bands of α′-Ti can form
regions of hcp phases which could lead to microcracking due to lattice mismatch and increased
local stresses as seen in the kernel average misorientation and in the grain orientation spread. The
brittle hcp phases in Figure 50 (a) are on the order of 80-100 µm in length and could also provide
a path for crack propagation. The disruption of the directional solidification additionally leads to
smaller grain sizes. Each of these issues impacts the ductility, strength, and toughness of the final
material.
6.4. Effect of Machine Variables on Composition and Microstructure
6.4.1. Effect of Powder Mixing and Hopper Deposition on Composition and Microstructure
Analysis of the elemental powders (Figure 51) indicated that the Ta powder was bcc Ta
while the analysis of the Ti powder showed hcp α-Ti with one unidentified broad peak at
approximately 52°. Analysis of the Ti-Ta mechanically mixed powders displayed significant peak
shifting as seen in Figure 52. While clear bcc Ta peaks remained consistent with the elemental
powder spectra, the hcp Ti spectra was not present at all. Instead of an elemental hcp α-Ti, the
XRD phase analysis indicated the presence of a hexagonal Ti-Ta alloy indicating chemical change
in which the Ta penetrated the surface of the Ti powder particles and changed the crystal structure.
This affect does not appear to be isolated, but instead impacting all the Ti powder in the sample
since none of the elemental peaks were present. Both Ti and Ta are highly chemically reactive and
form surface oxides; however, the energy associated with the mixing of the two elemental powders
in the drum mixer with a mixing medium had to have provided enough activation energy for the
Ta to react with the surface of the Ti particles.
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Figure 51: XRD spectra of pure Ti and pure Ta powders used in graded specimen builds
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Figure 52: XRD spectra of mechanically mixed elemental Ti and Ta powder
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The XRD of the near pure Ti powder did not indicate the presence of any Ta powder (Figure
51). The XRD of the mechanically mixed elemental powders shows the hexagonal Ti-rich phase
to be the most prominent (Figure 52). EDS area measurements for multiple samples were used to
investigate the Ta concentrations in the mixed powder (Figure 53). The atomic percentage of Ta in
the powder that was supposed to be 19 at. % Ta ranged from 32-38 at. % Ta.

Figure 53: EDS elemental mapping of mixed Ti-Ta powder where Ti is shown in blue and Ta is
shown in green.

The change from the expected Ta concentration can be explained through a careful
examination of the prototype machine strategy and powder mixing processes. The elemental
powders were combined using a drum mixer with a mixing medium for twenty minutes for
thorough mixing. However, the design of the prototype machine placed the powder hoppers on top
of the recoater arm which subjected the hoppers to lateral movement in addition to the regular
mechanical vibration of the machine [132]. While the spray atomized Ti and Ta particles have
nominally the same shape and size distribution, the vibration and movement of the powder hoppers
subjected the bulk powder mix to gravity segregation. Vibrational segregation is a known
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phenomenon in mixed powders with different densities [133]-[135]. The density difference
between Ti (4.506 g/cm3) and Ta (16.65 g/cm3) contributed to the smaller Ta particles moving
toward the lower part of the hopper where the powder deposition nozzle was located and, therefore
over time, increasing the Ta concentration in the powder mixture being deposited onto the build.
In the powder sample taken for EDS analysis that showed increased Ta concentrations, it appears
that the majority of the Ta particles represented in Figure 53 are smaller in size than the Ti particles
which lends credence to this vibrational segregation explanation.

6.4.2.

Effect of Powder Removal and Recoating Strategies on Composition

For the investigation of the microstructure changes as a result of the differences in the
vertical and horizontal build directions for the interface regions in the graded Ti-Ta system, SEM
microscopy, EDS elemental mapping, XRD phase analysis, and EBSD crystal orientation analysis
was employed. The graded interfaces were imaged using BSE SEM in Figure 54 (a) and (b) for
both the vertical and horizontal directions respectively. Additionally, as shown in Figure 54, the
way the material composition regions mix within the melt pools joining the two sections is different
whether the melt pools are placed on top of each other, for grading in the vertical direction, or sideby-side, for grading in the horizontal direction. Thus, the microstructures formed at the vertical or
horizontal compositional region interfaces will contain spatial variations as a result of the grading
direction in addition to spatial variations typically present in single material LPBF builds.
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Figure 54: (a) Interface created by vertical compositional gradient and (b) interface created by
horizontal compositional gradient (rotated for consistent build direction).

Additionally, closer inspection shows a representative sample of the morphology of each
of the interfaces in Figure 55. For the vertically graded interface, compositional gradients are
clearly visible within the solidified structure including very dark areas that have α-lath morphology.
In contrast, the horizontally graded interface shows significantly less compositional variation.
Initial qualitative inspection, however, does indicate that the cellular size in the horizontally graded
specimen is larger. Both specimens appear to have similar cellular morphology with evident
elemental segregation on the sub-micron scale along the melt pool boundaries.
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Figure 55: Morphology of interfaces of (a) vertically graded and (b) horizontally graded gauge
section test coupons

EDS elemental mapping was employed to visualize the compositions in the area of the
interface. Figure 56 shows the BSE SEM image of the interface regions for the vertically graded
and horizontally graded coupons along with the Ta (green) and Ti (blue) elemental maps. In the
BSE SEM images, the vertically graded coupon distinctly shows the interface between to two
material compositions (Figure 56 (a)) as well as in the Ta and Ti elemental maps, Figures 56 (b)
and (c) respectively. There are significant amounts of Ta across the interface in what should be a
nearly pure Ti region. Unmelted Ta particles are visible on both sides of the interface, but they are
more prevalent and larger on the Ti side, likely due to the lower energy input from process
parameters designed for Ti melting characteristics.
For the horizontally graded coupon, the BSE SEM shows a much more diffuse interface in
Figure 56 (d). An area of lower Ta concentration appears to coincide with the interface which
substantiates the previous work on horizontal interfaces. In fact, a closer look at the Ti elemental
map for this interface in Figure 64 (f) indicates that there are multiple areas of high Ti
concentrations that appears almost like stripes parallel to the interface. Again, there are many
unmelted Ta particles on both sides of the interface.
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Figure 56:EDS mapping of the vertically graded interface with (a) BSE SEM image, (b) Ta
elemental mapping, and (c) Ti elemental mapping and of the horizontally graded interface with
(d) BSE SEM image, (e) Ta elemental mapping, and (f) Ti elemental mapping.

The micrograph in Figure 57 is an image of the region at the transition between hcp α′ and
Ta-rich regions with cellular morphology. The left-hand side shows the hcp α′ phase with both
lens-shaped lathes typical of martensite as well as significant twinning and regions of
Widmanstӓtten morphology. On the right-hand side, the bcc β phase demonstrates the effect of
segregation as a result of differences in melting temperature with the presence of sub-micron
cellular morphology. In the center of the image, incompletely melted and mixed Ta serves as
nucleation sites for very fine β and prior-β grains.
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Figure 57: Boundary between Ti α lathe and alloy cellular morphologies

The large amount of Ta in the EDS elemental mapping on the side of the interface that is
expected to be pure Ti based on the powder XRD led to the need for more analysis. EDS line scans
were performed on the vertical XZ, horizontal XZ, and horizontal XY surfaces. The graded
coupons were supposed to have half Ti and half Ti-19 at.% Ta alloy. The EDS line scan of the
vertically graded coupon (Figure 58 (a)) shows a contamination ‘hump’ on the Ti side that has be
observed in other graded build experiments. The fact that the contamination drops off at 3mm in
height further supports the contamination conclusion. If the contamination hump was removed, it
would be easy to visualize the two compositions in vertically graded coupon with the low end at
approximately 20 at. % Ta and the high end at approximately 35 at. % Ta. The 20 at. % Ta
composition then appears to be the minimum concentration of Ta in this build for either coupon as
indicated by the purple line in Figure 58. The upper section of the vertically graded coupon, since
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it is not subject to contamination from the horizontally graded coupon, is composition that was
deposited by the hopper. The large spikes in the Ta at. % data are the result of measurement
collection on an unmelted or partially melted Ta powder particle.

Figure 58: EDS line scan across XY plane of horizontally graded coupon

Multiple line scans were performed on the horizontal XZ plane as it was expected that the
machine strategy and processing parameters might cause changes with increasing build height. Six
scans were performed at increasing distances from the build plate. The results indicated that the
height from the build plate did not induce significant changes except at one end of the coupon, but
the Ta concentrations uniformly were lowest in the middle of the coupon where the interface was
expected and highest on the ends of the coupon. This effect is shown in Figure 59 where the
composite EDS line scans are plotted. At zero distance, the end of the coupon on the Ti-Ta alloy
side where the starting Ta concentration should be 19 at.% in each layer, the measured Ta
concentrations ranged from 35-46 at. %. At the opposite end of the coupon where the concentration
of the Ta should be close to zero, the measured concentrations were 24-42 at.%. In Figure 59, the
cyan and green lines are from line scans closer to the top of the build while the purple and dark
blue lines represent scans closer to the build plate. The Ta concentration in the middle of the

82

coupon where the interface should be are the lowest concentrations measured across the coupon,
but are still in the range of 20 at.% Ta.

Figure 59: EDS line scans at six different z-values across the XZ plane of the horizontally graded
coupon

The design of the prototype GAP machine may also be the contributing factor in the
unusual composition profiles that are shown in Figures 58 and 59. The Ta composition gradient
occurring over 10-12 mm cannot be explained by diffusional processes when the cooling rates in
LPBF are on the order of 104 – 106 K/s. The GAP machine was designed to lay and melt the first
powder (Ti), vacuum up any powder in the area where the second powder (mixed Ti-Ta) would be
laid, then deposit, spread and melt the second powder before moving down one layer. The
specimens in this research study were built during the initial phases of the prototyping process
while experimentation was still ongoing with vacuum nozzle and power [132]. Additionally, due
to the size of the specimen with respect to the size of the deposition and vacuum nozzles at the time
of the build, the process was slightly modified. After the Ti powder was spread and melted, instead
of clearing just the area where the mixed Ti-Ta powder was needed, the entire build site was cleared

83

since the size of the gauge section coupons was smaller than the vacuum nozzle. When the mixed
Ti-Ta powder was then deposited on the build, it was released in a single spurt downward and the
recoater spread the mixed powder across the entire surface including the freshly solidified Ti layer.
Since the build occurs in an argon atmosphere, the newly solidified Ti layer is free of oxidation.
Since both Ti and Ta are highly reactive and the smaller Ta particles that have been gravity
segregated into the bottom of the hopper have higher surface energy as a result of the increased
curvature, there is an increased likelihood that Ti and Ta would react chemically on contact.
Additionally, since the power and nozzle size of the vacuum was not optimized, if powder remained
on the surface after the suction operation, it is more likely to be Ta powder particles because of the
higher mass in the similarly sized powder particles.
When examining the EDS line scan of the vertically graded specimen (Figure 59 (a)), there
is both an increase and a decrease in the Ta concentration in the lower part of the build that should
be entirely Ti. The Ta concentration falls off after a height of approximately 3 mm which
consequently is the height of the horizontally graded specimen.
This unusual concentration profile is a result of the orientation
of the build coupons with respect to the recoater direction. The
Ta powder in the horizontally graded build contaminated the Ti
region of the vertically graded build. This contamination from
Figure 60: Horizontally and
closely located builds was also seen with other material systems vertically graded gauge section
coupons indicating the recoater
during early iterations of the machine design [132].
direction
The fact that the EDS line scans of the horizontally graded coupon in Figure 59 indicate
that the concentration of Ta in the region where there should only be Ti is higher near the ends of
the build may also be an artifact of the machine variables and density difference. Near the build
plate, the vacuum process clears the entire build with a small margin so that the higher mass, and
thus higher momentum, Ta particles reach the edges of the build at greater rates than the Ti powder
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particles when deposited with a single spurt from the center of the build area. On subsequent layers,
a trough forms around the edge of the build surfaces as a result of the scale of the vacuum nozzle
allowing the Ta powder to flow off the surface in the Ti section during the recoating [132]. The
final unusual feature of these line scans is a consistent perturbation around 10 mm which can be
attributed to a defect in the recoater blade.

The multiple issues with mixing, depositing, and

spreading of mixed elemental powders when the density difference is so large may justify the
expense of obtaining melt-alloyed spray atomized powders should work on this material system
continue [132].
Area maps of the HV0.2 test results enable the visualization of how the hardness changes in
the bulk and interface regions. In Figure 61, the hardness maps of each of these planes are
presented. The results of the HV0.2 testing on the vertically graded coupon indicates a clear change
in hardness near the expected interface. Except for an area of lower hardness, the Ti side of the
interface registered HV0.2 values between 243 and 316 while the alloy side of the graded coupon
generally marked hardness measurements of 194 to 255 HV0.2. The area of lower HV aligns with
the area of Ta contamination that was evident in the EDS line scans. The hardness measurements
in the region of the interface do not show any marked changes from the surrounding bulk areas, but
the change in material properties is evident with the interface visible in the hardness map.
The HV0.2 measurements of the horizontally graded coupon show some interesting
deviations from the expected mechanical behavior. In Figure 61 (b), hardness measurements in the
area of the expected interface range from 237-305 HV0.2, but no clear interface is denoted by
hardness values. In fact, areas of lower hardness are just beginning to be seen at the opposite
corners of the hardness map. Figure 61 (c) also indicates the same trend showing that the hardness
measurements in the middle of the horizontally graded coupon where the interface is expected to
be between 267-315 HV0.2 while lower hardness measurement of 218-255 HV0.2 are present at both
ends of the coupon. These measurements do not indicate a clearly defined interface.
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Figure 61: Hardness maps of graded coupons for (a) vertically graded, (b) horizontally graded
XY plane, and (c) horizontally graded XZ plane.

6.5. Effect of Composition on Phase Content
6.5.1. Thermal Gradients During Solidification
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While LPFB is decidedly not an equilibrium process, a closer examination of the
equilibrium phase diagram is still of value. The thermodynamically derived phase diagram using
ThermoCalc is shown in Figure 62 with the composition range of the Ti-Ta gauge section coupons
outlined in red. The equilibrium phase diagram indicates that a bcc solid solution should form from
the liquid in the range of 2100-2400K (indicated in blue). The larger the solidification range, the
more likely the alloy will form instabilities in the solidification front [117]. This is especially true
for the Ti-Ta system due to the very large differences in the melting temperatures. In the qualitative
microscopy of the gauge section coupons (Figure 55), the cellular morphology was larger and more
noticeable along the edge of the melt pools. This is a result of there being very little nucleation
barrier in LPBF when the solid material beneath the melt layer is identical to the melt. The
solidification microstructure in LPBF is typically columnar as the crystals grow quickly in an
epitaxial manner from the solid in contact with the melt pool [117].

Figure 62: Thermodynamically derived phase diagram.

The phase diagram also indicates that a solvus exists between 900-1000K where immiscible
hcp and bcc phases segregate if given enough time. LPBF cooling rates preclude nearly all
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diffusional processes in the range of the solvus. DICTRA simulation of the graded alloy system
(Figure 63) demonstrates a complete lack of diffusion at the solvus temperature.

Figure 63: DICTRA simulations of the interface diffusion at 900K.

6.5.2.Phase Content with Respect to Build Direction
The microscopy coupons representing the gauge sections of the horizontally and vertically
graded tension specimens were analyzed using XRD to determine if there were differences in the
material phases present in the as-built condition due to build orientation. The XRD spectra for
these gauge section coupons are presented in Figure 66. Differences can be seen in the regions 2θ°
of 36°-42.5°, 52-57°, and 62°-73° and are denoted by the yellow boxes in Figure 82. Each of these
regions was explored in detail to understand the phases present in the gauge sections as a result of
the differences in the build direction of the multi-material interface.
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Figure 64. XRD spectra comparing the vertically and horizontally oriented builds. The
yellow boxes indicate areas of65:
difference
(a)
Inter
In the region of 36°-42.5° shown in Figure 67, the primary peaks for several of the possible
face
phases overlap. The largest peak at 38.76° is a combination of the bcc, hcp and c-centered
creat
orthorhombic phases. The β-Ti phase listed is a low Ta substitution solid solution whereas the β
ed
Ti-Ta alloy phase has a one-to-one atomic ratio leading to slightly larger lattice parameters. These
by
phases have bcc crystal structures with the lm-3m space group, but slightly different lattice
verti
parameters. The diffraction peak for the solid solution phase is slightly offset from the pure β-Ti
cal
peak leading to the peak broadening effect seen in Figure 67. It does appear that the ratio of the βcom
Ti phase to the β Ti-Ta phase is higher in the vertically graded specimen than in the horizontally
posit
graded specimen. Additionally, the main peak for bcc Ta is expected at 38.36° which may be the
ional
reason for the shoulder on the left side of both peaks. These peaks are likely the result of unmelted
gradi
Ta powder particles. It does appear that this phase is more prevalent in the horizontally graded
ent
and
(b)
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specimen. The hexagonal phase of Ta with space group P63/mmc exhibits a strong peak at 39.44°
which appears to be the strongest diffraction in the horizontally graded specimen while also
appearing as a shoulder on the right side of the vertically graded peak. The hcp α/α′-Ti-0.05Ta also
has a minor peak at 39.13°. The c-centered orthorhombic α″ appears to have a slightly higher
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Figure 66: XRD spectra of the vertically and horizontally oriented builds in the region of the
complex peak between 36-42.5°.

The martensitic α″ c-centered orthorhombic phase is easily identifiable in the range of 5257° as shown in Figure 69. While not high intensity peaks, they do exhibit significate peak
broadening characteristic of non-uniform lattice strain. The spectra of the vertically graded coupon
has complex convolution at 54.5°, but appears to have less broadening in the main peak than the
same peak in the horizontally graded coupon spectra. Additionally, the (200) diffraction peak
demonstrates a peak shift which can also happen as a result of uniform lattice strain.
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Figure 67: XRD spectra in the region of 52-57° showing an unidentified peak.

The main peak of interest in Figure 70 is centered on 70°. This peak is a combination of
the diffraction of the bcc Ta (69.36°) and bcc β Ti-Ta (70.09°) both of which exhibit peak shift due
to lattice strain. The peak at 71.60° is representative of the low Ta α/α′-Ti and is present only in
the horizontally graded coupon. Additionally, the peak at 68.13° is from the hexagonal Ta phase
which appears only in the horizontally graded specimen with a significant amount of peak
broadening which may indicate lattice mismatch strain. The bcc phases contributing to the main
peak are both from {211} reflections while the hexagonal peaks are all from {103} reflections.
Orthorhombic α″ can also be identified in both samples with a peak at 63.9°.
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Figure 68: XRD spectra in the region of 62-73° showing the possible phase contributions to the
complex peak.

6.5.3. Martensitic Phase Transformations in Ti Alloys
Titanium has two metastable martensitic phases, an orthorhombic α″ and an hcp α′.
Martensitic phases are the result of diffusionless, displacive phase transformation [117]. The hcp
α′ phase is indistinguishable from the equilibrium α phase with XRD because the nearly identical
crystal parameters, but it is metastable because of the supersaturation of β stabilizer elements and
will transform into α+β morphology with heat treatment [105]. One of the consequences of the
increased Ta concentration is a change in the expected phase content.

The isomorphous

pseudobinary phase diagram developed by Bönisch [123] (Figure 64) shows the Ms for both α′ and
α″ calculated from free energy using DFT. As the Ta content increases, the α″ becomes
energetically favored. Dobromyslov [2] completed the only comprehensive phase transformation
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analysis on Ti-Ta systems for
Ta concentrations from 0-40 at.
%.

His observations are

consistent with a c1 value just
over 11 at. % Ta. Additionally,
Dobromyslov

found

no

evidence of ωiso or ωath in
electron

diffraction

patterns

until 30 at. % Ta where β + ω is
energetically preferred. After
35 at. % Ta, the β phase was the
only

phase

identifiable

Figure 69: Pseudo isomorphous phase diagram for Ti
with β-stabilizers indicating ranges of martensitic phases
(from Bönisch [122])

by

electron diffraction. Caution must be exercised however, in trying to make direct correlations
between the current work and Dobromyslov’s work since his samples were solutionized and ice
water quenched thin foils and not LPBF processed coupons. The thin foils approximate a twodimensional stress state while the LPBF coupons have three dimensional macroscopic stresses.
Tang, Ahmed, and Rack [136] examined martensitic phases for Ti with different compositions of
Nb + Ta added for quenched specimens and found that at approximately 50 wt. % Nb+Ta, the
phases were α″ + β + ωath. The key point is that the α″ martensitic phase is energetically preferred
over a large range of Ta concentration.
In the EDS line scans in Figure 70, the red line represents the 30 at. % Ta threshold for full
beta stabilization established by Dobromyslov [2]. Comparison of the EDS line scans with the
EBSD phase maps for the horizontally graded coupon indicates that the only area of fully stabilized
beta is where Ta concentration exceeds 40%. For the vertically graded coupon, the entire alloy
section of the build should be stabilized beta, but the EBSD phase maps show it to be mostly
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martensitic α″. This is a further example of how the results of analyses performed on materials
using traditional methods does not always correlate with those on materials formed using AM.

Figure 70. Comparison of the beta stabilization threshold established in published literature to the
Ta concentration and phase content of the LPBF graded coupons

The mechanism for the formation of the martensitic phases is displacive. The time required
for phase transformation during the rapid cooling in LPBF disallows diffusional transformations.
Displacive transformations occur due to the shear accompanying thermal contraction. Atom
positions move within the unit cell by less than one lattice parameter distance which can occur as
fast as 10-7 s-1 [117]. The boundary between the original phase and the remain coherent because
the martensite habit plane, the plane that remains undistorted and common to both phases, does not
distort as a result of the atoms shuffling into the new positions.
The driving force of martensitic phase nucleation can be written as [117]:
Equation 4
′

∆𝐺 𝛾→𝛼 = ∆𝐻 𝛾−𝛼

′

(𝑇0 − 𝑀𝑠 )
𝑇0
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Where T0-Ms is the undercooling and ΔH is the change in enthalpy that results from the
phase change. The addition of β stabilizers can suppress the β transus by 9-10°C per wt.% Mo-Eq
added and lowers the martensite start temperature (Ms) dramatically [137]. The Gibbs free energy
for the formation of fully coherent martensite is dependent on the surface free energy of the
precipitating phase, strain energy dependent on the material elastic properties, and free energy of
the volume change and can be written as [117]:
Equation 5
𝑠 2 2(2 − 𝜐) 𝑐 4 2
∆𝐺 = 2𝜋𝑎2 𝛾 + 2𝜇𝑉 ( )
𝜋 − 𝜋𝑎 𝑐 ∙ ∆𝐺𝑣
2 8(1 − 𝜐) 𝑎 3
The first term represents the contribution of the interfacial free energy and is typically small
in comparison to the strain energy in the second term. The variables in the first term are the radius
of the lens-shaped nucleus (a) and the interfacial free energy (γ). The strain energy term also
includes geometric terms such as the thickness (c) and volume (V) of the lens-shaped nucleus as
well as the shear (s), shear modulus of the material (µ), and the Poisson’s ratio of the material (𝜐).
The final term is the chemical free energy dependent on the volume of the precipitating nucleus.
This equation for the free energy for the formation of a coherent martensite nucleus does not include
any excess energy from thermal or external stresses and LPBF processing has significant residual
stresses [138]-[142]. Therefore, to understand how the thermal behavior creates the shear stresses
that become the driving force for the β→α′/α″ martensitic phase transformations, the mechanisms
of thermal residual stress in AM must first be discussed.

6.6. Effect of Residual Stress on Microstructure
6.6.1.Residual Stress in AM Parts
The residual stresses in a material can be grouped into three types. Those classified as
Type I are macroscopic and lead to overall part deformation. Types II and III are microscopic with
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Type II being stresses between grains due to grain boundaries and Type III being inside the grains
due to twinning or dislocations [105], [143]. Grain boundaries and dislocations serve as nucleation
sites for martensitic lathes.
Residual stresses in AM as-built parts can be explained by the large thermal gradients that
are a result of the laser melting process causing non-uniform thermal expansion and contraction
[142]. As the laser moves along the scan direction, longitudinal stresses develop parallel to the
laser path that increase as the length of the scan vector increases [140], [144] but have been shown
in FEA build simulations on single layers to be thermal history independent [145]. Transverse
stresses develop perpendicular to the laser scan direction and are highly geometrically and thermal
history dependent because the melt pool can become asymmetric when there is a preferential heat
conduction direction as happens between conductive solids and insulative powders [142].
Preferential heat conduction direction can lead to non-uniform heat affected zones (HAZ) where
thermal expansion compresses the surrounding heat softened solids which can lead to plastic strain
between adjacent laser scan tracks. Processing adjustments that modify the scan path strategy by
keeping the scan vectors short, rotating laser direction, and hopping between different locations on
the build surface such as the island, checkerboard or stripes scan strategies are used to reduce the
residual stresses that occur as a result of the laser scan path.
Thermal properties of the metals being used in the LPBF process also contribute to the nonuniform thermal strains. Since the melt pool can become asymmetric as a result of preferential heat
conduction, if the elemental concentration is not consistent, large differences in thermal
conductivity exacerbate the asymmetry. Thermal stresses can develop not only as a result of large
thermal gradients but also as a result in large differences in the coefficients of thermal expansion
[105]. The coefficient of thermal expansion for Ti (9.4 x 10-6 K-1) is larger than Ta (6.5 x 10-6 K-1)
while the thermal conductivity of Ti (16 W/m·K) is 3½ times lower than Ta (54.4 W/m·K).
Additionally, different material phases contribute to the changes in thermal behavior [145].
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Stresses at the microscopic level, however, are not able to explain the overall distribution
of phases present in the horizontally and vertically built coupons that are on the several millimeter
scale. Type I macroscopic stresses have received attention in additive manufacturing due to
evidence of geometric distortion of as-built parts after removal from the build plate [146], [147].
In Ti-6Al-4V, it was shown that on the macro- scale, non-uniform shrinkage as a product of residual
stress was a result of confinement of the solidifying layers by the build plate which decreases in
successive layers as the build height increased leaving larger residual stresses closer to the substrate
[148]. As molten top layers cool and solidify, they shrink, placing the underlying layers in
compression [143]. The final as-built parts, therefore, have tensile forces on the top and side
surfaces with compressive forces along the build plate and in the bulk [105], [143], [148]. Finally,
increasing the length of time between each successive layer, as occurred in the current work as a
result of the vacuum process, increases the residual stresses because the underlying layers have
more time to cool before the next molten layer [149].

6.6.2. Stress Induced Phase Transformations and Resulting Microstructures
LPBF as-built parts typically have a columnar grain morphology that would be expected
to show up as a fiber texture in the (110)β in the build direction. Martensitic phase transformations
disrupt the solidification texture since the Burgers orientation relationships governing the directions
of shear and atomic shuffle have twelve variants for the bcc β → martensite phase transition [105],
[124]. The c-centered orthorhombic α″ phase with space group CmCm is the lowest symmetry of
the Ti phases as can be derived from atomic shuffles from either the bcc β phase with space group
Im3̅m or the hcp α′ phases with space group P63/mmc [124], [150]. Recent work by Zhou et al.
[151] has shown that the fiber texture in AM Ti-Ta is dependent on the concentration on the Ta
with the large cross-layer columnar grains transitioning to a microstructure similar to a
recrystallization texture at concentrations as low as 4 wt.% Ta. Both Shi et al. [152] and Lan et al.
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[153] found that observed microstructures in other Ti alloys could only be the result of dynamic
recrystallization. Lan et al. posited that the presence of high strain-induced adiabatic temperatures
was responsible for the recrystallization activation [153].
EBSD microanalysis can also provide insight into the microstructure that resulted from the
changes in grading direction in the coupons. First, a simple phase analysis can distinguish the
types, amounts, and locations of the phases present. Figure 71 shows the map of the phases in the
vertically graded coupon in the region of the interface. The arrow on the map indicates the build
direction and it was anticipated that the interface would have bcc β-stabilized Ti-Ta alloy on the
right side with hcp α′-Ti on the left. However, the EDS analysis in Section 6.4.2 indicated that the
Ta concentration was high enough in this region to cause some β-stabilization. The lower part of
the build appears mostly a dark green which is a combination of hcp α′, orthorhombic α″ martensite,
and zero solution as a result of high levels of residual stress. The large triangular area of β+α″
shows how the contamination from the powder spreading process caused the phase to be different
than that which was expected. The right-hand side of the image which pictures the upper part of
the build with the Ti-Ta alloy which exhibits the β+α″ mixture of phases. Quantitative analysis of
the indexed areas showed that the vertically graded coupon on this observed surface was comprised
of 62.6% c-centered orthorhombic α″, 29.5% bcc β, 5.8% hcp α/α′, and 2.1% ωath.
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Figure 71: EBSD phase identification map of vertically graded specimen. The build direction is
indicated by the white arrow

The horizontally graded XZ plane in Figure 72 demonstrates unexpected phase
distribution. The fully stabilized bcc β phase is only present at the very ends of the coupon. On the
left-hand side, this high concentration of Ta extends to the top of the coupon, but on the right-hand
side, it is only down near the build plate. On the left-hand side of the image where the Ti-Ta alloy
was placed, there are indications of directional solidification with what appears to be alternating
bands of bcc β and orthorhombic α″. On the right-hand side of the image, the bcc β appears to
surround a large area of mixed orthorhombic α″ and hcp α/α′ that starts at the build plate and almost
reaches the top of the coupon.
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Figure 72: EBSD phase identification map of XZ plane of horizontally graded specimen

In Figure 73, the XY plane of the coupon shows that the beta-stabilized bcc crystal structure
is not located on one side of the interface or the other, but rather prominently on one end with a
small region to the side of the other end. Correlating this with the EDS line scans, the concentration
of Ta needed to fully stabilize the β phase in the LPBF process is greater than 40 at.%. On the lefthand side of the image where the Ti-Ta alloy is expected, a large zone of hcp α/α′ is distinguishable
and the phases moving from β→α″→α′ are visible in the color gradient. On the right-hand side of
the image, bands of α′ and α″ regions appear bowed.
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Figure 73: EBSD phase identification map of XY plane of horizontally graded specimen

Kernel average misorientation (KAM) mapping of EBSD data provides more valuable
insight into the state of strain in the graded coupons. KAM measurements can identify local plastic
deformation in the grains which can be correlated to the local dislocation density [154]. In Figures
74-76, the KAM maps for each of the three planes of interest are shown. The light green areas in
each of the maps where the deformed grains and locally stored strain energy is concentrated. It is
not unexpected that the areas of high strain are located at the boundaries between the difference
phase as the grains must distort to accommodate the different lattice structures. What is surprising,
however, is the large amount of misorientation in the horizontally graded coupon in the β-stabilized
regions of the XZ plane.
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(
a)
Figure 74: Kernel average misorientation for (a) vertically graded in XZ plane, (b) horizontally
graded in XY plane, and (c) horizontally graded in the XZ plane.
(
a)

(
a)

(

a)

(
a)
Figure 75: Kernel average misorientation for (a) vertically graded in XZ plane, (b) horizontally
graded in XY plane, and (c) horizontally graded in the XZ plane.
(
a)

(
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Figure 76: Kernel average misorientation for (a) vertically graded in XZ plane, (b) horizontally
graded in XY plane, and (c) horizontally graded in the XZ plane.
(
a)
The grain orientation spread can also provide information on which grains are the most
deformed and are provided in Figures 77-79. The grain orientation spread measures the
misorientation
of each point within an indexed grain with the mean orientation angle. This
(
measurement
can indicate individual grains that are warped or elastically strained. In the grain
a)
orientation spread maps for each of the observed planes, distorted grains are categorized by color
and the scales for each of the maps is provided. In the horizontally graded XY plane (Figure 79)
identification of strained grains appear in the β- stabilized region on the left and in the bowed
striations on the right. The areas where the hcp α′ phases were identified in the phase map show
very little internal grain misorientation. This may be the result of the grains in these regions being
too small to calculate the spread or of the strain induced martensitic transformation causing the
atomic shuffle that alleviates these strains.
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Figure 77: Grain orientation spread for the vertically graded XZ plane
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Figure 78: Grain orientation spread for the horizontally graded XZ plane.
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Figure 79: Grain orientation spread for the horizontally graded XY plane

Pole figures provide a way to visually represent a preferred orientation in a crystalline
phase using stereographic techniques. With LPBF, pole figures can be used to evaluate whether
differences in texture evolved from the different build parameters and machine variables in the
vertically and horizontally graded coupons. In Figure 80 (a), the pole figures for the bcc β phase
in the vertically graded coupon are presented while Figures 80 (b) and (c) provide the pole figures
for the horizontally graded coupon in the XY and XZ planes respectively. The presence of
preferential directions is not strongly reflected in the pole figures, but there are differences between
the horizontally and vertically graded coupons.

The preferred orientation (texture) is not

considered strongly defined because even though areas of red indicate higher total reflections in
that region, the maximum values on the scales are low. The β phase in the vertically graded coupon
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appears to have the {111} aligned with the observation axis which is the X-axis in the sample
diagram. For the XY plane of the horizontally graded coupon, the <001> seems to align with the
observation axis, which in this case is the build direction. However, the effect is very small.

(
b)

(a)

(

a)

(

(b)
(

b)
a)
(b)
(b)
(
(b)

b)

(

(b)
a)

(

(c)
(b)
(

b)
a)
(c)
(b)

Figure 80: Pole figures of bcc β phase for (a) vertically graded in XZ plane, (b) horizontally
graded in XY plane, and (c) horizontally graded in the XZ plane.
(c)

The pole figures for the hcp α′ phase (Figure 81) demonstrate reasonable similarities
(c)two XZ planes. The location of the {011̅0} reflections are roughly in the same position
between the
indicating a tilt away from the build direction and the (0001) reflections are showing the
development of a weak fiber texture.
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Figure 81:
c) Pole figures of hcp α/α′ for (a) vertically graded in XZ plane, (b) horizontally graded
in XY plane,
(c) and (c) horizontally graded in the XZ plane.
(
b)
Finally,
(the pole figures for the α″ c-centered orthorhombic are shown in Figure 82. The
(c)
α″ phasec) seems strongly oriented with the {100} centered near the center of the stereographic
projection. This orientation location is similar to that of the {100} in the β phase. Böenish [123]
concluded that the β→α″ martensitic phase transformation resulted in the [100]α″ rotated 2-3° from
(
the <100>β which is consistent with these observations. The <100> and <101> reflections from
c)
both planes of the horizontally graded coupon are represented as smears across the lower two
quadrants of the pole figures indicating a continuum of orientations. Again, these associations and
correlations are extremely tenuous due to the low maximums.
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(a)

(a)

(b)
(a)

(b)
(a)

(c)
(b)

(c)
(b)

Figure 82: Pole figures of c-centered orthorhombic α″ for (a) vertically graded in XZ plane, (b)
(c) graded in XY plane, and (c) horizontally graded in the XZ plane.
horizontally

The inverse pole figure (IPF) maps built from the EBSD data could bring these
(c)
observations together into a cohesive explanation for the microstructure observed in the graded
coupons. The IPF maps were built so that the observation direction coincides with the fixed
coordinates of the specimen so that the Z direction always represents the build direction. In Figures
83-85, the IPF maps for the vertically graded coupon are shown. The map of the bcc β phase
appears to be random orientation of very small grains which is consistent with the recrystallization
microstructure. There is very little of the hcp α′ phases in the vertically graded coupon, but what
is indexed appears green and blue toward the top of the image. The α″ martensitic phase is
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predominately red-yellow indicating alignment of the [001] with the observation direction and is
spread throughout the β phase region. The α″ phase in the regions where hcp α′ phases were
identified appear to have an orientation change with hues closer to the greenish-blue range
indicating preferred orientation toward the [010] direction.

Figure 83: IPF maps of bcc β for vertically graded coupon XZ plane.
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Figure 84: IPF maps of hcp α′ for vertically graded coupon XZ plane.

Figure 85: IPF maps of bcc β for vertically graded coupon XZ plane.
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When examining the IPF maps of the XZ plane of the horizontally graded coupon in
Figures 86-88 remnants of the columnar grain structure common to AM are visible. In the IPF maps
for both the bcc β phase and the hcp α′ martensitic phase, a god portion of the central region
indicates thin regions nearly aligned with the Z-direction that have alternating β and α′ phases. The
β phase (Figure 86) has a quasi-equiaxed grain structure with random orientation. While the α′
martensite (Figure 87) also appears to have random orientation in the regions where it is alternating
with the β phase. However, the area of greenish-blue in Figure 88 indicates a large region of α″ and
α′ near the build plate which must be stress induced since the Ta contamination is too high to be
hcp Ti from thermal transformation. The α′ that is present in this area appears to generally favor
the [0001] direction since red, yellow and orange colors dominate. The IPF map for the α″ phase
hints that it orients toward the <010> directions when near α′ as seen in the cyan and yellow
predominate coloring in the region.

Figure 86. IPF maps of bcc β for horizontally graded coupon XZ plane.
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Figure 87. IPF maps of hcp α′ for horizontally graded coupon XZ plane.

Figure 88. IPF maps of c-centered orthorhombic α″ for horizontally graded coupon XZ plane.
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The IPF mapping of the XY plane of the horizontally graded coupon (Figures 89-91)
demonstrates similar trends. The β phase consists of randomly oriented small grains. The α′
phases are strongly oriented in the large region on the left-hand side in the [0001] direction as
evidenced by the predominate red and magenta coloring in Figure 90. On the right-hand side of
the coupon, the area where the structure showed long-range bowing, the hcp α′ phases don’t have
quite as strong of an orientation preference although there is not a lot of hcp in that area. Most
interesting, however, is the IPF map of α″ phase. In the region where the hcp α′ phases showed a
strong [0001] orientation preference, the c-centered orthorhombic α″ phase also has <001>
orientation implying that the <0001>α′//<001>α″. Where the α″ phase is in a predominately β
phase region, the preferred orientation is the <100> with a zone between the two of <010>. This
long range crystal orientation change implies that the preferred orientation of the α″ rotates from
[100]→[010]→[001] to accommodate the strain change from β→α′.

Figure 89. IPF maps of bcc β, hcp α/α′ and c-centered orthorhombic α″ for horizontally graded
coupon XY plane.
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Figure 90. IPF maps of hcp α′ for horizontally graded coupon XY plane.

Figure 91. IPF maps of c-centered orthorhombic α″ for horizontally graded coupon XY plane.
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The presence of any hcp α′ phases in the horizontally graded coupon is unexpected based
on the high concentrations of Ta as measured with EDS. Studies on Ti-Ta have shown that βstabilization begins at 11 at. % Ta and no martensite is possible after about 30 at.% Ta. The large
stresses present in LPBF processes are the key to understanding the evolution of this microstructure.
The interior of the LPBF build is subject to compression while the surfaces are in tension. The
strain caused by this compression can cause the formation of hcp crystal structure from the bcc
cubic structure by forcing the (110) planes of the bcc from a rectangular lattice into a triangular
lattice [155]. Because the adjacent planes are not stacked correctly, an atomic shift displaces the
(110) in the [11̅0] direction to create the hcp stacking sequence. The compression and atomic
shuffle transformation follows the Burger’s path mechanism.
Ta does not have a stable hcp phase. However, using density functional theory (DFT) and
Hencky strain
calculations, Natarajan et al. [155]
demonstrated that unstable, non-characteristic
(
(
(
hcp
in Ti-Ta alloys. Compressive
forces were also
a) α′ martensite could form under compression
b)
c)
attributed as the reason for hcp recrystallization in Ti alloys which could not form from initial
martensite microstructure under pure thermodynamic conditions [152]. While the α″ martensite is
(
(
(
typically categorized as a stress-induced martensite in Ti alloys [120], [156], the addition of
a)
b)
c)
refractory alloy elements produces free energy differences that make the α″ phase dependent only
on composition and allowing α′ to form as the stress-induced phase at compositions where it is
unstable thermodynamically.
(
a)

(

(

b)

c)

6.7. Conclusions and Contributions
The
samples using the prototype( GAP machine
( building of the small microscopy
(
technology
demonstrated how undefined
a)
b) areas of the machine processingc)strategy can have a large
impact on the composition and mechanical properties of the resulting part. Mixing, deposition,
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spreading, and removal schemes for the Ti-Ta alloy powder over Ti regions of the build led to
contamination in the form of increased Ta concentration. Maps of Vicker’s microhardness
measurements correlated the increased Ta concentration with decreased hardness.
In this chapter, the microstructure of the gauge section coupons was analyzed using SEM,
EDS, XRD, and EBSD techniques to draw out the differences in the vertically and horizontally
graded coupons. The EDS mapping exposed the same elemental segregation in the horizontal
interface that was described for the multiple horizontal interfaces sample in Chapter 4 which was
attributed to preferential remelting. Very fine lathe morphology with extensive twinning of a
martensitic phase was imaged near the cellular morphology of a β-stabilized region depicting the
abrupt phase changes that accompanied the changes in composition. EBSD phase mapping in
conjunction with the EDS line scans led to the discovery that the concentration of Ta required for
full β-stabilization in the as-built LPBF coupons was near 40 at. % when most published literature
reports only β phase present at 30 at. %.
The presence of hcp α′ phases and preferred orientation of the c-centered orthorhombic α″
martensite phase was connected to the residual stress as a result of the LPBF process which
impacted the vertically and horizontally graded coupons differently because the build orientation
changed the thermal gradients involved in the solidification and phase transformation.

The

microstructure of the horizontally graded specimen evidenced coupon-level response to the Type I
stresses through the large area of strain-induced hcp α′ and with bowed bands of α″ and β phases.
The α″ martensite phase also showed preferred orientation changes on the millimeter scale.
Contributions from this chapter include:

➢ Explained the impact of the machine process strategy on composition control leading to phase
differences

➢ Discovered that the amount of Ta required as a beta stabilizer in LPBF
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➢ Established that phase transformations, resulting microstructure and properties differed
between the vertically and horizontally graded coupons and were impacted by the residual
stresses ensuing from the thermal effects of LPBF process and compounded by the machine
strategy
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7.

CONCLUSIONS AND FUTURE WORK

The ability to develop fully 3D, site-specific properties in material design for LPBF
requires understanding of how the material microstructure and properties evolve with changing
composition, changing processing, and machine design implications. This research has shown that
compositional gradients formed by grading in different directions using the prototype GAP
machine technology display unique morphology and mechanical behavior. Contributions in
characterizing these microstructures and properties have significant impact to inform future
machine and process design towards greater utilization of graded alloy design.
7.1. Research Contributions
The research reported in this work has made important contributions in advancing the
understanding of the effects of changing the grading direction in multi-material AM builds by
investigating and describing the composition-process-structure-properties relationships in
horizontal and vertical grading orientations of Ti-Ta alloys using LPBF. Elemental segregation
due to incomplete mixing in the melt pool and remelting at the horizontal interfaces was identified
as an issue in alloys where the constituent elements have large differences in thermal properties.
These issues were connected to potential impacts on the material and mechanical properties. While
not as intriguing as spectacular failures and wildly varying fracture surfaces, the tensile testing and
fractography provided solid evidence that the compositional interfaces produced with the GAP
machine technology were structurally sound.
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It was also explained how the prototype machine process strategy had a consequential
impact on composition control leading to substantial phase differences. Recoating and powder
removal schemes led to increased Ta concentration and unintended composition profiles.
Additionally, the thermal histories of a LPBF printed part, being dependent on the choice of process
parameters, play an important role in the development of the residual stresses. This research
connected the machine variables and process parameters with the composition and residual stress
and subsequently to the resultant microstructure. As a result, it was discovered that the amount of
Ta as a β-stabilizer is considerably greater in LPBF than what is reported in literature for other
process methods.

Finally, as a result of these analyses, it was established that the phase

transformations, resulting microstructure, and properties differed between the vertically and
horizontally graded coupons were a result of the residual stresses ensuing from the thermal effects
of LPBF process.
Connecting the results of the individual efforts into a cohesive materials engineering
framework requires that the changes in the properties be explained by changes in the microstructure
that result from changes in the composition and processing. In this work, the composition-processstructure-property relationship is very clear. The choices of Ta as the β-stabilizer and the use of
the mechanically mixed elemental powders were shown to complicate the process of powder
mixing, spreading and removing. The process design with the spreading of the Ti-Ta mixed
powders over the entire build area along with use of early iterations in the sizing of vacuum power
and nozzle size resulted in higher than expected Ta concentrations in all regions of the gauge section
coupons. While these powder spreading issues were not as critical in the tensile bars, the use of
the same laser power and scan speed in both build orientations resulted in different microstructures
and properties since the geometry of the orientations caused different thermal histories. The
process of creating horizontal compositional gradients by vacuuming and relaying powder
increased the dwell time between the remelt of layers allowing more cooling and increasing the

120

residual stresses. The horizontally graded coupon is surmised to contain more stress as a result of
the shorter build height and long, flat geometry. The increased Ta concentration as a result of the
machine technology instigated a change in the predominate martensitic phase to be α″ while the
increased stresses in the horizontally graded specimen caused increases in the stress induced α/α′
content. These changes in microstructure directly affected the measured microhardness in the
gauge section coupons where the higher HV0.2 measurements occurred where the hcp α/α′ were
found.
Investigations of the presence of stable and metastable phases in as-built specimens along
with understanding the evolution of those phases as a result of residual stress provide important
advancements towards graded alloy use. Demonstration of the phase transformation differences
resulting from changes in the grading direction and the determination of the influence of these
changes on static properties informs the development of current and future LPBF processes in the
ability of design for use. The understanding of how the direction of the material gradient within
the AM component impacts the properties is essential in developing the technology necessary to
fully realize 3D site-specific property control in engineering design.
7.2. Future Work
7.2.1. Machine Technology Improvement
One of the benefits of working in a project space that has not been overanalyzed is the
myriad of opportunities for future work. From a process development standpoint, many factors in
the use of LPBF for the production of graded alloys still need thorough investigation including
improved powder placement and removal techniques. If the use of elemental powders is continued,
research into the reactivity and powder flow mechanics offer additional avenues for investigation.
Refinement of the process parameters to balance the melting and keyholing in alloys with large
differences in melting temperatures is critical especially if incomplete mixing in the melt pool
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remains an issue. An important part of the machine technology improvement is the decoupling of
the machine variables from composition and process parameter variables.
7.2.2. Predictive Modeling
Development, application and extension of process parameter, thermal modeling, and
microstructure simulation software in the graded alloy process in LPBF would be beneficial in
explaining the residual stresses and associated phase changes. On the materials engineering side,
the kinetics of the stress-induced phases when the thermodynamic and DFT models predict
different microstructures is an area that needs further investigation.

Analysis of the

hcp/orthorhombic displacive phase transformation from first principles could shed additional light
on the transformation pathways between α/α′ and α″ martensitic phases when subjected to residual
stresses common in LPBF.
7.2.3.Effect of Unmelted Powder
One of the aspects of using the Ti-Ta material system in LPBF that has already captured
some interest is the effect of the unmelted Ta particles on the kinetics of solidification. Figure 92
shows the dendritic microstructure surrounding an unmelted Ta powder particle while Figure 93
depicts the EDS elemental phase maps of the “halo”
area. Zhou et al. [151] recently postulated that the
unmelted Ta powder particles could create zones
where the columnar to equiaxed transition is
facilitated. Huang et al. [10] described how the
epitaxial growth from the unmelted Ta particles
interferes with the normal columnar growth
morphology.
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Figure 92: Etched sample showing
dendritic formations around unmelted
Ta powder particle

(
a)

(
a) 93: EDS mapping of area near unmelted Ta powder particle where (a) is the BSE SEM
Figure
image, (b) is the Ta elemental map, and (c) is the Ti elemental map

(
a)

(
a)
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Appendix. EFFECT OF PROCESS PARAMETERS ON STRUCTURE OF TI-TA ALLOY
A.1 Introduction
The build parameters for the Ti-Ta alloy portion of the graded samples presented in Chapter
5 were selected using a quasi-empirical approach through visual inspection of the surface
roughness. Observations of the porosity in the vertical build of the Ti-Ta alloy tensile bars indicated
that the process parameters selected may not have produced maximum density parts. Therefore, a
parameter study of coupons built with different laser speeds and powers was performed.

A.2 Methodology
For the parameter study, a sample with 36 coupons built using varying process parameters
of laser power of 230-280 W and of laser scan speed of 900-1400 mm/s. The coupons were cut
from the build plate using a wafering blade, then mounted in Polyfast and polished to 0.5 µm using
water-based diamond solution. In an attempt to distinguish the melt pools, the parameter study
coupons were etched using Kroll’s reagent for 30 seconds. In order to evaluate density of the TiTa alloy, SEM SE images were taken of each coupon. While planar evaluation of porosity is not
as precise as using CT scanning for volume analysis, it is useful in indicating trends.

A.3 Effect of Process Parameters on Porosity
The SEM SE images of the parameter study coupons are shown in Figure 89.
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Figure 94. Matrix of SEM SE images of porosity with respect to laser power in watts (W) and
laser speed in mm/s. The red outlines indicate process parameter sets with similar linear energy
densities.

The porosity that occurs as a result of the selection of the process parameters can be
classified into three types. Gas porosity occurs when there is trapped gas within the spray atomized
powder itself which is then incorporated into the final build when trapped in the melt pool because
solidification occurs before it can escape. Gas porosity is identifable as small round pores within
the melt pools. Gas porosity is smaller than the two types of pores shown in Figure 41. Lack of
fusion porosity (Figure 41(a)) occurs when there is not enough energy going into the powder to
fully melt the powder sufficiently to connect it to the previously solidified areas. Keyhole pores
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(Figure 41(b)) occur when there is too much energy added to the powder causing some of the melted
powder to evaporate. The gaseous form of the metal creates a volume within the build similar to
gas porosity but often quite larger. Rather than trapped gas, the round pores become a vacuum as
the gaseous metal condenses upon cooling. Both of these types of porosity are a result of the
combination of laser power, laser speed, layer thickness, hatch spacing and other process
parameters.

Figure 95: General examples of porosity present in the Ti-Ta alloy during the process parameter
study where (a) depicts lack of fusion (LOF) and (b) shows a keyhole pore using SE BSE.

The porosity in the vertically and horizontally graded coupons can be minimized by the
selection of appropriate primary process parameters. The process parameter selection for the build
of the tensile bars and the graded gauge section coupons was accomplished using a quasi-empirical,
qualitative technique that evaluated the top surface roughness of a matrix of test coupons built using
a combination of laser power and laser speed parameters. Using the volumetric measured porosity
obtained by CT scanning provides the most accurate, but expensive, method to assess the quality
of a build. For the process parameter study, SEM microscopy of the build specimen was used
which is more accurate than the surface roughness technique, but less accurate than the CT scanning
technique since it only assesses one plane rather than the whole volume. The results of the process
parameter study is plotted in Figure 42. The x-axis is the linear energy density that is calculated

139

by the laser power divided by the laser scan speed and has the units of J/mm. The calculation of
linear enregy density is a technique used for dimensional reduction in order to plot the relationship
of the multiple variables. The scatter in the data is representative of the fact that using the single
plane for the calculation of porosity instead of a volume which increases the random error.
Techniques designed to reduce this error include the use of serial sectioning. The red line in Figure
42 represents the linear energy density from the process parameters used in the build of the tensile
bars and the gauge section coupons (0.284 J/mm). As seen from the graph of the relationship
between the linear energy density and the porosity, the quasi-empirical surface roughness
estimation provided a reasonably low anticipated porosity. The gauge coupons did not have
significant porosity similar to the tensile bars built in the vertical direction. This indicates that the
process parameters are not the main cause of the increased porosity seen in the vertical builds of
the Ti-Ta alloy. The seven parameter sets with the linear energy densities between 0.26 and 0.32
J/mm are outlined in red in Figure 89.
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Figure 96: Relationship of planar porosity measurements with linear energy density. The red line
indicates the linear energy density used for the tensile bars and the gauge section coupons.

While it is obvious that there is a trend for the relationship between linear energy density
and porosity, it is important to note that there is a large amount of variability within the data. In
fact, the porosity at the linear energy density nearest to the values used in the build of the tensile
specimens (0.28 J/mm) is nearly double that of data obtained for energy densities of 0.2 and 0.24
J/mm. This large range of variability (scatter) could be a result of the measurement method using
area porosity instead of volume porosity or only capturing a single area measurement per parameter
set. However, it is more likely the result of the linear energy density factor not accounting for other
important process parameters such as spot size, hatch spacing, and layer thickness or the first and
second order interactions between multiple process parameters [157]-[159]. Examining the images
in Figure 89, visual inspection shows that using the linear energy density factor for the selection of
process parameters would include some combinations that had significant lack of fusion porosity
while excluding some laser power and speed combinations that appeared to make excellent builds.

A.4 Effect of Process Parameters on Incomplete Mixing in the Melt Pool
While porosity is used to evaluate how dense the as-built coupon is, porosity is not the only
structural effect present. Banding, the long-range elemental segregation of Ti and Ta, can influence
properties. Since β Ti-Ta is optimally a random solid solution, the less segregation present, the
more homogenous the properties. The SEM BSE images for the parameter study coupons are
shown in Table 11. The same samples identified in the porosity study as having linear energy
density closest to the selected build parameters are outlined in red again in Table 11. Similar to the
results for porosity, selection of the process parameters based on linear energy density could include

141

some combinations that have more elemental segregation than other combinations that were
excluded.
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Figure 97. Matrix of SEM BSE images of incomplete melt pool mixing with respect to laser
power in watts (W) and laser speed in mm/s.

A.5 Conclusions and Contributions
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The process parameter study evaluated the quality of the builds of the Ti-Ta alloy with
respect to two factors; porosity and melt pool mixing. Porosity is a significant and well-studied
problem in LPBF AM particularly with respect to the effect on fatigue properties [157], [158],
[160]-[163]. Incomplete mixing in the melt pool is a unique problem that occurs when elemental
powders are used. When the banding results in boundary and lattice stresses, the effect could result
in stress concentrations for crack initiation. The issue of incomplete melt pool mixing could justify
the added expense of pre-alloyed powder. If the powder consisted of the prescribed concentration,
the effect of incomplete mixing in the melt pool might be alleviated.
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